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i : Relative acceleration

ilg : Ground acceleration

E . Input energy

Ex : Kinetic energy
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ENERGY DISSIPATOR STEEL CUSHIONS

SUMMARY

The observation on the severely damaged precast concrete industrial buildings after
the destructive L’Aquila Earthquake (2009) demonstrated the inadequate seismic
performance of connecting elements between cladding panels and other structural
elements, which leading to collapse of many panels. Moreover, the cladding walls
lack the sufficient energy dissipation capacity, requiring the supplementary energy
dissipative component to improve the energy dissipation capability.

SAFECLADDING a research study was initiated in the scope of FP7 with
collaboration of some European Union universities such as, Istanbul Technical
University, Polytechnic University of Milan, University of Ljubljana, National
Technical University of Athens, Joint Research Centre - Elsa Laboratory (JRC), and
some construction companies from Italy and Turkey, aiming to design the innovative
energy dissipative steel connector and to investigate the seismic performance of the
Cladding panels equipped with steel connectors. A brand new oval shaped low-cost
steel connector was developed in Structural and Earthquake Engineering Laboratory
of ITU to be utilized as a connecting element between adjacent panels, panel to beam
and panel to support connections of industrial buildings.

The experimental and analytical studies were conducted in the scope of this thesis.
The experimental studies were performed in two different phases namely; steel
cushion tests and system tests. In the first phase, a series of experimental study was
performed to investigate the uniaxial and bi-axial behavior of steel cushions with
three distinct thicknesses. The high deformation capacity, and high-energy
dissipation capability and stable hysteretic curves are the common properties
observed from the uniaxial tests. In addition, the performed bi-directional tests
showed that the direction of the applied axial load affects the general behavior of the
steel cushions, so that with increment of applied compressive axial load the energy
dissipation capacity of specimens increase while the relation is inverse in the case of
tension type axial load. The interaction curves are plotted for each specific thickness
of specimens as well.

In the second phase, the system tests were carried out. The testing set up consisted of
RC cladding panels and fully pinned swaying steel frame to transfer the lateral load
to RC walls. The steel devices were positioned at different locations, in panel to
support, in panel to panel between two adjacent panels and in panel to beam
connections. In this study, two kinds of test carried out named single cushion test and
double cushion test according to the number of steel connector placed as the support
per panel. The experimental study was performed to evaluate the energy dissipation
capacity and performance of cladding panels equipped with steel devices. The results
indicate that the double cushion type tests have higher energy dissipation capacity in
comparison with single cushion test type, resulting to appropriate performance of
whole system.
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In the analytical part, the steel cushions are modeled with link elements in the finite
element program of SeismoStruct v 6.0. Ramberg-Osgood and asymmetric bi-linear
response curves are suggested for modeling of shear and axial behavior of steel
cushions analytically as link elements. The mathematical models for system tests are
set and experimental and analytical results are compared. In addition force-
displacement relation of each steel cushions at different position in the system tests
are obtained and their contribution in the energy dissipation capacity are calculated.
The results showed that the steel cushions in panel-to-panel and panel to support
connections, contribute in the energy dissipation capacity with their shear and axial
behavior respectively.
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ENERJI SONUMLEYICI CELIK YASTIKLAR
OZET

L’Aquila depremi, L’Aquila kasabasin1 2009 yilinda vurdu. Richter dlgegine gore
depremin yikici giicii 5.8, biiyiikliigii 6.3 ve yatay pik ivmesi 0.35 ve 0.40 g
arasindaydi. Deprem, bir¢ok prefabrik yapinin yikimina yol act1.

Depremden sonra bir grup arastirmaci yapilarin davranisini incelemek igin kasabaya
gitti. Arastirmacilar, bir¢ok endiistriyel binanin yeterli yap1 davranis1 gosterdigini,
fakat prekast cephe panellerin davranisinin yeterli olmadigini gozlemlediler.

Bu gozlemler, mafsalli kirislere sahip prefabrik iskeletli yapilarin sismik tasariminin
giivenilir oldugunu, fakat cephe panelleri ile diger yapi elemanlar1 arasindaki
baglanti elemanlarinin sismik performansinin yetersiz oldugunu gostermistir.

Baglant1 elemanlarinin yetersiz sismik performansa sahip olduklari, panellerinin
yeterli mevcut yatay yiik tagima potansiyellerinin kullanilamadigi, enerji tiiketme
kapasitesini gelistirmek i¢in yeni birlesim elemani tasarimina ihtiya¢ olduguna
gostermistir.

Istanbul Teknik Universitesi, Milan Politeknik Universitesi, Ljubljana Universitesi,
Atina Ulusal Teknik Universitesi, Joint Research Centre - Elsa Laboratory (JRC) gibi
aragtirma kurumlari ile Italya ve Tiirkiye’den Prefabrik Birliklermnin isbirligiyle, yeni
birlesim metodlari ve elemanlari tasarlamak ve bu baglanti elemanlari ile donatilmig
cephe panellerinin sismik performansinm1 arastirmak ig¢in FP7 kapsaminda
SAFECLADDING isimli bir arastirma projesi baslatilmistir.

3, 5 ve 8 mm olmak {izere li¢ farkli kalinliktaki yeni oval diisiik maliyetli ¢elik
baglanti elemani, endiistriyel binalarin bitisik panelleri, panel-kiris ve panel-mesnet
baglantilari arasinda baglant1 elemani olarak kullanilmak iizere ITU Yap1 ve Deprem
Miihendisligi Laboratuarinda gelistirmistir.

Enerji soniimleyici c¢elik baglanti elemanlart deprem enerjisinin bir bolimiini
soniimleyebilir, yapisal ve yapisal olmayan elemanlardaki hasar miktarini
siirlayabilir.

Bu tez kapsaminda deneysel ve analitik c¢alismalar yiritilmistir. Deneysel
caligmalar ¢elik yastik testleri ve sistem testleri olmak {izere iki farkli asamada
gergeklestirilmistir.

Celik yastiklar cephe panellerin iizerinde farkli konumlara yerlestirilmistir. Yerlesim.
Davranista degisiklikler gozlendiginden farkli yiik kombinasyonlariyla ¢cok sayida
test yapmak gerekmistir.

[k asamada, ii¢ farkli kalinliktaki celik yastigin tek eksenli ve iki eksenli davranigin
arastirmak icin bir dizi deney yapilmistir.
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Tek eksenli testler, kesme ve tek eksenl kuvvet testlerinden olusmaktadir. Tek
eksenli testleri yapmak i¢in, 6zel test diizenleri tasarlamis ve yaptirilmistir.

Celik yastiklarin ¢evrimsel davranigsini ve enerji tiilketme kapasitesini degerlendirmek
icin 3, 5 ve 8 mm’lik numuneler iizerinde toplam 15 adet tek eksenli kesme testi
yapilmustir.

Kesme testleri, enerji sonimleme yastiklarinin yiiksek deformasyon kapasitesine,
yiiksek enerji sontimleme Kkabiliyetine ve kararli ¢evrimsel egrilere sahip olduklarini
gostermistir. Celik yastiklarin kalinligi, genel davranisini etkilemektedir. Kalin gelik
yastiklar daha fazla mukavemet, sertlik ve enerji tiiketme kapasitesine sahiptir.
Ayrica, ¢elik yastiklarin siinekligi, artan kalinlikla birlikte artmaktadir.

Celik yastiklarin  eksenel davranisini  ve enerji  soniimleme  kapasitesini
degerlendirmek icin 3, 5 ve 8 mm’lik numuneler iizerinde toplam 9 adet tek eksenli
eksenel yiikleme testi yapilmistir. Sistem testlerinde ve gergek yapidaki numuneler,
beton panellerin agirhgmi tasimaktadir. Dolayisiyla ¢elik yastiklarin - eksenel
davranisini belirlemek énemlidir.

Eksenel yiikleme testleri, enerji soniimleyici yastiklarin yiiksek deformasyon
kapasitesine ve yiiksek enerji soniimleme Kkabiliyetine sahip olduklarini géstermistir.
Celik yastiklarin kalinligi, ¢elik yastiklarin genel davranisini etkilemektedir. Kalin
celik yastiklar daha fazla mukavemet, sertlik ve enerji soniimleme kapasitesine
sahiptir. Ayrica, ¢elik yastiklarin stinekligi, artan kalinlikla birlikte artmaktadir.

Farkli sabit eksenel gerilme etkisine tabi tutulan gelik yastiklarin kesme davranigini
incelemek i¢in toplam 82 adet iki eksenli test yapilmustir.

Cift eksenli testler biiylik 6neme sahiptir, ¢linkii ¢elik yastiklar endiistriyel binalarda
panel-mesnet, panel-panel ve panel-kiris baglantilar1 olarak Kkullanilmak {izere
tasarlanmistir. Bu nedenle, celik yastiklar farkli tipte yiik kombinasyonlariyla
karsilasmaktadir. Ozellikle tabanda, celik yastiklar mesnet islevi sagladiklarindan,
yatay yiik altinda kesme deformasyonuna ve ayni zamanda cephe panellerinin kendi
agirhigr altinda eksenel deformasyona tabi olurlar.

Eksenel kuvvetler, testler boyunca sabit tutulmustur. Eksenel kuvvetlerin degerleri,
N/No oranma gore secilmistir. Burada Np, monoton eksenel yiikleme testlerinden
elde edilen nihai eksenel kuvvettir. Uygulanan eksenel yiikler, No’in %25, %50 ve
%75 ine kars1 gelmektedir.

Yapilan iki eksenli testler, ylikleme yoniiniin farkli kalinliktaki ¢elik yastiklarin genel
davranis1 ilizerinde etkili bir faktor oldugunu; sikisma yiikiiniin artmasiyla soniim
orani ve enerji soniimleme Kapasitesinin arttigini, ¢ekmede ise, soniim orani ve
enerji soniimleme kapasitesinin diistiigiinii gostermistir. Ayrica, optimum eksenel
yiik seviyesinin maksimum eksenel yiik kapasitesinin £%25’i olugu gosterilmistir.
Ciinkii daha yiiksek seviyelerde, gelik yastiklarin genel davranisi etkilenebilmektedir.

3, 5 ve 8 mm kalinlikta ¢elik yastiklar i¢in etkilesim diyagramlar1 olusturulmustur.
Etkilesim diyagramlarina gore, kalin ¢elik yastik, ince ¢elik yastiga gore daha genis
cevrelenmis alana sahiptir.

Ikinci asamada, toplam 4 adet sistem testi yapilmstir. Test diizeni, betonarme cephe
panelleri ve yanal yiikiin betonarme cephe panellere transferi igin tam mafsalli bir
celik cerceveden olusmaktadir.
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Celik yastiklar farkli konumlarda, panel-mesnet, iki bitisik panel arasi1 panel-panel ve
panel-kiris baglantilarina yerlestirilmistir.

Bu deneysel calismada, her panel igin mesnet olarak kullanilan gelik baglanti
sayisina gore, tek yastik testi ve ¢ift yastik testi olmak tizere iki tiir test yapilmistir.

Celik yastiklarla donatilmis cephe panellerinin enerji séniimleme kapasitesi ve
performansi degerlendirilmistir. FEMA-461'de onerilen deneylerde yer degistirme
protokolii kullanilmastir.

Plastiklesmeler ¢elik yastiklarn tizerinde yogonlastigindan, yapisal elemanlarda
hasar veya catlak gbzlenmemistir.

Tiim sistem testlerinde, beton panelin donmesi hemen hemen ayni olurken, tabandaki
panellerin yatay Otelenmesi ihmal edilebilir diizeydedir. Bu da panellerin baskin
davraniginin donme oldugunu gostermektedir.  Dolayisiyla, enerji sontiimleme
kapasitesine en biiylik katki, panel-panel baglantilarinda gelik yastiklarin kesme
davranisi ve panel-mesnet baglantilarinda ¢elik yastiklarin eksenel davranisindan
saglanmaktadir.

Tek yastik testinde, sistemin genel davranigini etkileyen diizlem dis1 hareket olmakla
beraber, yiiksek enerji sonme kapasitesi vardir.

Panel-kiris baglantilarindaki celik yastik akmaya erismemistir, dolayisiyla sistemin
enerji soniimleme kapasitesine hicbir katkisi olmamuistir, basit mafsal baglantist gibi
hareket etmistir.

Analiz kisminda ise, celik yastiklar SeismoStruct v 6.0 yazilimi modellenmistir.
Celik yastiklarin kesme ve eksenel davranisinin modellenmesi i¢in Ramberg-Osgood
ve asimetrik bilineer davranis egrileri onerilmektedir.

Sistem testlerine karsi gelen matematik modeller olusturularak , deneysel ve sayisal
sonuglar karsilastirilmistir.

Sistem testlerinde farkli pozisyonlardaki her bir ¢elik yastigin kuvvet-yerdegistirme
iligkileri elde edilmistir ve enerji soniimleme kapasitesine katkilar1 hesaplanmustir.

Sonuglar, panel-panel ve panel-mesnet baglantilarinda ¢elik yastiklarin, sirasiyla
kesme ve eksenel davranig ile sistem enerji soniimleme kapasitesine biiylik katki
sagladiklarini gostermistir.

xliii



xliv



1. INTRODUCTION

Large experimental campaigns were performed during two years from 2012 until
2014 in the Structural and Earthquake Laboratory of Istanbul Technical University,
within the framework of FP7 project, named SAFECLADDING.

The experimental works consist of two stages, element test and system tests. During
the first stage, the new low-cost energy dissipative cushions, which were made of
mild steel, with different thickness of 3, 5, and 8mm, were developed. They were
called steel cushions. In addition, a complete set of Quasi-static uniaxial and bi-
directional tests were conducted on the steel cushions with different thickness to
investigate the uniaxial and biaxial behavior of steel cushions.

Steel cushions made of mild steel were developed to utilize in cladding panels of
precast structure. They can be used at different locations such as, between adjacent
cladding panels, in beam to cladding panel connections and cladding panel to
foundation connections. The steel cushions have various advantages, such as they
can provide additional source of energy dissipation, they can be replaced easily after

an earthquake and their manufacturing is simple.

At the second stage, the cladding panel and loading frame were designed and the
cladding panels were equipped with steel cushions. A series of cyclic tests were
performed on the precast concrete cladding panels equipped with steel cushions to
understand the behavior of cladding-to-cladding, cladding to beam and cladding to

foundation connections.

Finally, analytical study were carried out on the steel cushions and cladding panels

equipped with steel cushions.

In the scope of this thesis, the experimental and analytical studies, which were
conducted on the steel cushions, and cladding panels equipped with steel cushions
have been discussed. The steel cushions and their typical dimensions are shown in
Figure 1.1 and 1.2.
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Figure 1.1 : Typical dimension of steel cushion.
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Figure 1.2 : General view of 3, 5 and 8mm thick steel cushions.
1.1 Purpose of Thesis

The purpose of thesis is to investigate the uniaxial and biaxial behavior of the steel
cushions, which are designed to utilize as a connection in panel to support, panel to
panel and panel to beam connections in precast industrial buildings. In addition, in
the analytical part the link element models are suggested for modeling of the steel

cushions under the uniaxial and bi-axial stresses.

1.2 General Definition and Concepts

In this part, the general concepts of dissipative energy, equivalent viscous damping

and effective stiffness are described.

1.2.1 Dissipated Energy

Viscous damping and yielding dissipate the input energy in inelastic system caused
by earthquake excitation. The input energy subdivided into several energy terms,
each energy terms can be directly obtained through integrating of the equation of
motion, and the energy balance equation (Chopra, 1995) is presented in Equation
(1.2).
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Where, m is the mass of structure, ¢ is the damping coefficient, fs is the resisting
force. The terms of u(t), ii(t) and iig(t) are relative velocity , relative acceleration and
the ground acceleration at any instant in the single degree of freedom system as

shown in Figure 1.3.
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Figure 1.3 : Fixed base single degree of freedom system.

The right side of Equation 1.1, is the input energy (E;), which consists of kinetic
energy (Ek), energy dissipated by viscous damping (Ep) and energy dissipated by
yielding (Ey) and strain energy (Es). Thus, the energy balance equation can be

written as Equation (1.2).
Ex (t) + Ep (t) + Es () + Ev (1) = EI (1) (1.2)

The strain energy is calculated with the following relation
_ v
Es () == (1.3)

Where, K is the elastic stiffness of the system. Therefore, the energy dissipated by
yielding can be obtained from the Equation (1.4), (Chopra, 1995).

Ev (t) = J, f (u) du - Es (%) (1.4)

In the inelastic systems, more energy is dissipated by the yielding energy (Ev) than
damping energy. In contrast, in the elastic systems, nearly all of the energy is
dissipated by damping, as the yielding does not exist. The energy dissipated by
kinetic energy and strain energy is negligible in both elastic and in elastic systems,
(Chopra, 1995).



1.2.2 Equivalent Viscous Damping

The most common method to calculate the equivalent-damping ratio is presented by
Equation (1.5), (Chopra, 1995).

_1 Ep
s (1.5)

Where, Ep is the energy dissipated in a cycle of force-displacement hysteresis
obtained from experiments as illustrated in Figure 1.4. Ep is equaled to the enclosed
area of the each hysteresis loop and Esg is the maximum strain energy, and can be
determined from the Equation (1.6), (Chopra, 1995).

2
Eso = % (1.6)

Where k is stiffness obtained from the experiment and uo is the displacement

amplitude in each hysteresis cycle.
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Figure 1.4 : Energy dissipated and strain energy in a cycle.
1.2.3 Effective (Secant) Stiffness

Effective stiffness can be calculated from the force-displacement hysteresis, which is
obtained from the experiment, this is the displacement dependent parameter. The

effective stiffness is calculated through the Equation (1.7).

—_ |Pmax|—|Pm'n|
eff = e (1.7)
|Dmax|_|Dmin|

Where Ppax and Ppin are maximum and minimum target force in the force-

displacement hysteresis, Dma, and Dpin are the maximum and minimum

displacements in the force—displacement hysteresis, as shown in Figure 1.5.
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Figure 1.5 : Effective stiffness in a cycle.

1.3 Literature Review

Numerous experimental and analytical studies have been performed since 1972 until
now in order to determine the seismic performance of the passive energy dissipater
devices.

Kelly et. al. (1972) performed elementary tests on the flat U shaped strip type steel
elements, which is presented in Figure 1.6. The relative motion of steel elements is
directed parallel between adjacent surfaces, which might be significant energy
absorption source by means of rolling, and bending. This study highlighted the
significance of steel bent plates, which might be incorporated in structures for

absorption of energy generated by earthquake effects.

Figure 1.6 : U-Shaped strip type steel elements, (Kelly et. al, 1972).

The energy dissipater type steel members in jointed wall system of two or more
precast concrete walls, post-tensioned to the foundation using unbounded tendons,

and connected along the vertical joints with special energy dissipating shear
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connectors were studied in the content of Precast Seismic Structural Systems
(PRESSS) program, by (Priestley et al, 1991). The jointed wall equipped with shear
connector in the PREESS study is presented in Figure 1.7.

post-tensioned
tendons -

Energy
dissipation
devices

Figure 1.7 : Jointed wall equipped with shear connector, (Priestley et al, 1991).

Shultz et al. (1996) conducted a series of experimental studies in order to determine
the energy dissipation behavior of shear connectors, and to find out the inelastic
flexural deformation capacity of U- shaped plates, which are mobilized through the
rolling action. As the connector bends and unbends, the source of resistance and
hysteretic energy dissipation is turn out to be improving seismic resistance of precast
shear walls by increasing overall system toughness and energy dissipation.

Magana and Shultz (1996) as a part of the PRESSS program conducted an
experimental study on the determination of behavior of various shear connectors
under reverse cyclic vertical displacement history. The U-shaped flexural plate was
found out by Shultz as the most appropriate shear connector which was utilized in
jointed wall system of PRESS test building.

Nakaki and Stanton (1999) used a self-centering concept, in the development of the
post-tensioned split rocking wall systems. Energy dissipation can be introduced by
grouting reinforcing bars into vertical ducts at the edges of the wall, so that they

yield in tension and compression cycles during an earthquake.

Several self-centering systems as part of the co-coordinated PRESSS research
program phases on precast concrete systems were studied. Appropriate level of
hysteretic damping was added to the wall system through the connection devices

located at the vertical joint between the panels. U-shaped rolling stainless steel plates
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were designed for energy dissipation and used to couple the walls. A new low-
damage structural system that uses self-centering design, called Pre-WEC that
consisted of precast wall with end columns, was proposed by (Henry et.al, 2008).
The Pre-WEC system was designed to overcome the deficiencies of previous low-
damage wall system by increasing the moment capacity in a cost effective way, so
that the Pre-WEC system is comparable to the traditional reinforced concrete
construction in addition to providing superior seismic resistance. The Pre-WEC
system is displayed in Figure 1.8. The finite element analysis were conducted,
leading to design of the oval shaped shear connectors, as the oval shaped connectors
represented the most appropriate response. The general view of O-Connector and
Pre-WEC test set-up are demonstrated in Figure 1.9. O-connectors performed with
stable response with adequate energy dissipation capability and high displacement
capacity. In addition, it was found that the O-Connectors produced nearly 17%

viscous damping.
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Figure 1.8 : Pre-WEC System concept, (Henry et.al, 2008).
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Oval shaped connectors Pre-WEC test set-up

Figure 1.9 : Oval-shaped shear connectors and Pre-WEC test set-up,
(Henry et.al, 2008).

Chan and Albermani (2007) developed the new Passive Steel Slit Damper (PSSD).
This device was fabricated from standard wide flange section with numbers of slit
cut from the web, which remains the strips between two flanges. The device is shown
in Figure 1.10. Steel slit device dissipated energy through the flexural yielding of
strips under the inelastic cyclic deformation. Steel slit damper can be utilized in

inverted brace-to-beam connection in framed structures as displayed in Figure 1.11.
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Figure 1.10 : Overview of passive steel slit damper, (Chan and Albermani, 2007).
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Figure 1.11 : Application of steel slit damper in framed structures,
(Chan and Albermani, 2007).

Eight cyclic and one monotonic test were performed on the PSSD with varied slit

length. The test set-up is shown in Figure 1.12.
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Figure 1.12 : Overview of test set-up, (Chan and Albermani, 2007).

The tests demonstrated the stable hysteresis and high-energy dissipation capability
and high ductility of steel slit device. However, the device with longer and wider slit
length represented behavior that is more flexible, whereas the steel device with
shorter and narrower slit length had the more stiffness and higher energy dissipation
capacity although the failure occurred earlier with respect to former steel device. The

failures of steel devices are displayed in Figure 1.13.



Figure 1.13 : Failure of test specimens, (Chan and Albermani, 2007).

Nineteen monotonic and cyclic tests were performed on the half scaled yielding
shear panel devices (YSPD) by (Chan et.al, 2009).The yielding steel panel device is
presented in Figure 1.14. It is the square hollow section, with steel diaphragm plate
welded inside it. These devices can be installed in inverted brace to beam connection
or in floor beam to concert panel connection. The size of the squares (D) was either

100 or 120 mm and the thicknesses of diaphragm plates (t) were 2, 3 or 4 mm.
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Figure 1.14 : Overview of yielding shear panel device, (a) Elevation, (b)
Top view, (Chan et.al, 2009).

The vyielding shear panel device is dissipated energy by plastic distortion of the
diaphragm plate under the large displacement. The main parameters in the tests were
the plate slenderness in the range of 24-59 and device configuration. The test set up

is shown in Figure 1.15.
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Figure 1.15 : Overview of test set-up, (Chan et.al, 2009).

The study showed that the diaphragm plate with high slenderness provide the greater
energy dissipation capability, strength and ductility. The stability of the hysteresis
can be provided by Stiffening the flange of the square hollow section although it
reduce the energy dissipation capacity. The deformed shapes of test specimens are

presented in Figure 1.16.

Normal specimens Specimen with stiffened
flange

Figure 1.16 : Overview of test specimens, (Chan et.al, 2009).

The shape of initial steel slit damper proposed by (Chan and Albermani, 2007),
optimized through Bi-directional evolutionary structural optimization method
(BESO) by (Ghabraie et.al, 2010) to increase the energy dissipation capacity, stress
distribution and resistance against the low cycle fatigue by means of curbing stress
concentration. According this method, the insufficient parts of steel damper were
removed by contrast the sufficient parts were strengthening by adding the materials.

Afterwards analytical studies were performed on the optimized steel slit dampers.
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The optimized shape of specimens consisted the diamond shaped slits in the middle
of the specimens with different material volume. The analytical study showed the
significant increase in the energy dissipation capacity the increase of 56%-96%. In
addition, the results were demonstrated that the tapered slit provides the even stress
distribution and eliminates the stress concentration with respect to the common steel
slit dampers. Three optimized steel slit specimens were tested under cyclic load
history to predict the failure and fatigue of the steel slit dampers. The test set-up is
similar with the previous research test set-up. According to experimental studies, the
optimized steel slit specimens delayed the low cycle fatigue. The optimized steel slit
specimen dimension and its deformed shape are displayed in Figure 1.17and 1.18

respectively.
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Figure 1.18 : Deformed shape of the optimized steel slit device,
(Ghabraie et.al, 2010).
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Filled and unfilled steel pipes were tested under the monotonic and cyclic shear
loading by (Maleki and Bagheri, 2010). The experimental and analytical studies were
performed to investigate the possible application of steel pipes as the metallic
yielding damper. The filled steel pipes were filled by concrete and tested under the
cyclic and monotonic test while the unfilled steel pipes were tested under cyclic
shear test. The general view of test set-up is shown in Figure 1.19. The test parameter

was the geometrical properties of the steel pipe.
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Figure 1.19 : Overview of the test set-up, (Maleki and Bagheri, 2010).

The filled steel pipes behaved in brittle way because of concrete crushing although
the steel pipes remained undamaged in contrast the bared steel pipes represented the
suitable hysteresis behavior and can be the appropriate option as a yielding device
damper. The bared steel pipes pose the high viscous damping ratio of 40%. The
deformed shape of the filled steel pipes are displayed in Figure 1.20.The analytical
studies were conducted and the behavior of the steel pipes were simulated by means
of finite element program ANSYS. Bi-linear model was proposed to obtain the effect
of the geometrical properties on the hysteresis behavior of the steel pipes. According
to the analytical studies the strength and stiffness increase linearly as the length of
steel pipe raises. In addition, the strength and the stiffness increase as the steel pipes

thickness increases or the diameter of steel pipes declines.
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Figure 1.20 : Deformed shape of filled steel pipe, (Maleki and Bagheri, 2010).

The quasi-static tests were performed on the conventional coupled RC shear walls
(CRB) and RC shear walls connected by hybrid energy dissipative coupling beam
whose consist of U-shaped steel plate with high damping rubber (HDB) and their
hysteresis behaviors were compared by (Joon Kim et.al, 2012). The coupling beam

with hybrid damper is displayed in Figure 1.21.
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Hybrid Damper in Shear Wall System

Figure 1.21 : Schematic drawing of hybrid damper and deformed shape of
hybrid damper, (Joon Kim et.al, 2012).

The test set up and cyclic loading histories are presented in Figure 1.22.
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Figure 1.22 : Test set-up and loading history, (Joon Kim et.al, 2012).

In the CRB specimens the diagonal cracking occurred in the coupled beam leading to
brittle shear failure afterward the strength degradation occurred while in the HDB
specimens any major cracking were not observed in structural element, except the
hybrid damping device. The cracking pattern in the CRB and HDB specimens are
displayed in Figure 1.23. The HDB specimens behaved in a ductile manner. Any
strength degradation was not observed in the force- drift angle of the HDB
specimens. The HDB specimens pose higher energy dissipative capability and

equivalent viscous damping in comparison with the CRB specimens. The deformed

shape of the hybrid energy dissipative damper is shown in Figure 1.24.

Cracking pattern in CRB specimen

Cracking pattern in HDB specimen

Figure 1.23 : Cracking pattern in CRB and HDB specimens, (Joon Kim et.al, 2012).
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Figure 1.24 : Deformed shape of hybrid damper, (Joon Kim et.al, 2012).

Maleki and Mahjoubi (2013) conducted the experimental and analytical studies on
the passive energy dissipative device called the dual-pipe damper (DPD). DPD
device comprises of the two welded pipes. The DPD device is displayed in Figure

1.25.

Moving Plate

Restrained Plate

Figure 1.25 : Dual-pipe damper, (Maleki and Mahjoubi, 2013).

The dual-pipe dampers dissipate energy by flexural deformation of the pipes. The

cyclic quasi-static test were conducted on the four specimens, the test set-up is

displayed in Figure 1.26.

PL100x150x15

—
2PL320x85x12 Ve Y
| )| | pL320xis0x12

2Pipes | |/ 1N

Figure 1.26 : Test set-up, (Maleki and Mahjoubi, 2013).
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The experimental results showed that the strength, stiffness and energy dissipation
values in DPD device are higher than the corresponding values obtained for two
individual steel pipes. In addition, the DPD device poses the high displacement
capacity up to the 36% its height. The length of the damper does not affect the
hysteresis behavior considerably. The deformed shape of the dual-pipe damper is
displayed in Figure 1.27.

Figure 1.27 : Deformed shape of the dual-pipe damper, (Maleki and
Mahjoubi, 2013).
The analytical studies were performed to examine the varying geometrical properties
influence on the hysteresis behavior of the dual-pipe damper. According to analytical
studies, the energy hysteresis capability merely depends on the pipe length and pipe
thickness, in the constant diameter with increase of the pipe thickness the energy
dissipative capacity increases. The deformation capacity decreases with decreasing
D/t ratio. The ductility decreases with increasing D/t ratio. The elastic stiffness only
depends on the pipe length and the D/t ratio, in the constant length as the D/t ratio

increases the stiffness declines.

The quasi-static and uni-directional tests were performed on the full-scaled single
bay single story precast concrete frame with and without precast cladding panel by
(Baird et.al, 2013) in which, the innovative U-shape energy dissipative device was
utilized in panel to beam connection and the hysteresis behavior of the bare and
equipped frame structure was compared. The U-shaped energy dissipative device
dissipates wind or earthquake input energy by its inelastic flexural deformation. The
U-shaped energy dissipative device is shown in Figure 1.28.
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Figure 1.28 : U-shaped energy dissipative device, (Baird et.al, 2013).

The cladding panel has the thickness of 120 mm, 3.0 m long and 2.0 m wide. The
cladding panel is connected to the top beam by U-shaped energy dissipative device
whereas; it is connected to the base level beam by means of fixed bearing connection
as displayed in Figure 1.29. The experimental study showed that the strength and
energy dissipation capability increase without any damages on the structural

elements and strength degradation.

—| Beam

UFP
Connection

Cladding
Panel

Bearing
Connection

—| Beam

Figure 1.29 : Schematic drawing of the test set-up, (Baird et.al, 2013).
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2. UNIAXIAL TESTS

The steel cushions are developed to be utilized in the industrial buildings in panel to
support, panel to panel and panel to beam connections. Since the steel cushions
positioned on several locations through the cladding edges, this causes changes in
the behavior during the excitation and thus it was an obligation to perform several
tests with different load combinations, such as cyclic shear and axial tests. In
particularly in panel to support connections, the steel cushions are subjected to axial
stress under self-weight of panel and in the panel-to-panel connection; the steel

cushion is subjected to shear effect under the lateral loading.

2.1 Introduction

In this chapter the uniaxial behavior of the steel cushions with three distinct
thicknesses of 3, 5 and 8mm are investigated. This chapter is divided into two
sections. In the first section, the cyclic and monotonic shear tests are discussed and in
the second section, cyclic and monotonic axial tests are discussed. The experimental

works are summarized in Table 2.1.

Table 2.1 : Summary of uniaxial tests performed on the steel cushions.

Test Type t=3mm t=5mm t=8mm
Cyclic Shear 4 4 4
Cyclic Axial 1 1 1
Monotonic Shear 1 1 1
Monotonic Axial Compression 1 1 1
Monotonic Axial Tension 1 1 1
Total Experimental works 9 9 9
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2.2 Coupon Test of Specimens

A total numbers of twelve tests were conducted on three distinct specimens. Four
tests per specific thicknesses of 3mm, 5mm and 8mm, were performed. The coupon
tests for 5mm and 8mm thick specimens are illustrated in Figure 2.1 and 2.2. The
average ultimate strengths were 410 MPa, 390 MPa and 450 MPa with ultimate
strains levels of 28%, 40% and 40% for 3mm, 5Smm and 8mm coupon specimens
respectively. The stress-strain relation obtained from coupon tests are illustrated in
Figure 2.3 and 2.4.

8mm thick sample 5mm thick sample

Figure 2.1 : Coupon test of 5mm and 8mm thick specimens.

Fracture of 8mm thick specimen Fracture of 5mm thick specimen

Figure 2.2 : Fractures of two distinct specimens.
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Figure 2.3 : Stress-Strain relation obtained from coupon test.
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Figure 2.4 : Stress-Strain relation obtained from coupon test.
2.3 Uniaxial Shear Test

A total number of 15 uniaxial shear tests performed on specimens of 3, 5 and 8mm,
to evaluate hysteresis behavior and energy dissipation capacity of steel cushions. In
addition, because of sliding of two adjacent panels and panel with respect to beam
this test is necessary. The number of four cyclic tests and one monotonic test were
performed per specimen with specific thicknesses, to reduce probable errors and
acquire precise results. The testing set-up consists of two cantilever sides, right and
left hand sides; right hand cantilever acts as a fixed support whereas the left hand one
has the role of connection Figure 2.5. The right hand side is fixed to the short
column, while the left hand one is able to move in vertical direction. Thus, the
vertical actuator connects to this part and displacement protocol applied in this
segment vertically somehow; the specimen has shearing movement Figure 2.6. A

21



second thick-sectioned profile was welded to right hand part to restrict the lateral
displacement and strengthen the testing set-up. Also to avoid the rotation of the
actuator the outer restrainer was utilized as it is shown at Figure 2.7 the specimens
connected to each side through bolting, the diameter of hole on each cushion is
20mm for 3and 5 mm thick specimens, 29mm for 8mm thick specimens respectively.
The main parameter of test was specimen thickness. During the shear tests the
several measurements were taken from different location of the specimen. Six strain
gages were placed per specimen. A string transducer measured the vertical
displacement of actuator. One transducer per side measured the lateral displacement
of left and right hand side of testing set-up, in addition one transducer was utilized to
measure vertical displacement of base plate. The locations of transducers are

displayed at Figure 2.7.

Cyclic shear test
Figure 2.5: Final displacement target of shear test.

Figure 2.6 : General view of test set-up.
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Figure 2.7 : Technical drawing of test set-up.

2.3.1 Shear test-loading protocol

The testing protocols selected in accordance with the recommendations placed in
FEMA 461, this actually based on the expected maximum drift ratios. The
dimensions of the steel cushions are 100 mm in width and 250 mm in depth. In
considering the expected deformability of the cushion, the target displacements
derived by multiplying the “ai/al0” ratios with the specimen length of 250 mm in its
lateral axis. As it was impossible to apply the 250 mm displacement on the tests’
specimens for the sake of bolt contact with the specimen’s vertices, 220 mm was
considered as a target displacement in instead of 250 mm. The ratios to determine
target displacement amplitudes defined in Table 2.2. Ten diverse amplitude levels
exist in the table. Two full cycles applied for each displacement target. The
displacement targets values are shown in Table 2.3. The complete loading protocol

presented in Figure 2.8.

Table 2.2 : Ratio of displacements amplitudes, (FEMA 461, 2007).

step 1 2 3 4 5 6 7 8 9 10

ai/al0 0.048 0.068 0.095 0.133 0.186 0.260 0.364 0.510 0.714 1.000

Table 2.3 : Displacement targets of uniaxial shear test.

step 1 2 3 4 5 6 7 8 9 10
Displacement | 10.56 | 14.96 | 20.90 | 29.26 | 40.92 | 57.20 | 80.08 | 112.20 | 157.08 | 220.00
Target (mm)
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Figure 2.8 : Drift based cyclic loading protocol applied to steel
cushions at cyclic shear test.

In the monotonic tests the same target displacements were applied Figure 2.9.
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_. 200 /
S
€ 150 /
P
E 100 ~
F /
A 50 »
/Al\’lonotoni( axial loading protocol
0 leme—
0 50 100 150 200 250 300 350
Step

Figure 2.9 : Drift based monotonic loading protocol applied to cushions
at monotonic shear test.

2.3.2 Experimental results of cyclic and monotonic shear tests

The experimental results were obtained from the recorded data by loading hydraulic
jack and measurements tool such as transducers and strain gages which all of data
were transferred in EXCEL version 2010 and MATLAB version 7.0 programs to
form pertinent graphs.
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2.3.2.1 Force-Displacement relation

Force versus displacement cycles and the relevant deformed shape of the specimens
having thickness of 3mm, 5mm and 8mm obtained from cyclic shear tests are

illustrated in Figure 2.10, 2.11 and 2.12 respectively.
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g
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9nd Test
B 3rd-Test
12 = = =4th Test

-300 -200 -100 0 100 200 300
Vertical Displacement (mm)

Force-Displacement Relation Deformed Shape For Shear
Effect

Figure 2.10 : Force-Displacement relation for 3mm thick specimen derived
from cyclic shear test.

3mm thick specimens behaved symmetrically under cyclic shear effect. The nominal
strengths for 3mm thick steel cushions are 3KN this parameter would be utilized in
definition of link element in the mathematical model. No damages observed during
the test in 3mm thick steel cushions. It should be mentioned that the values of drift

angle and vertical displacement of specimens are equal, since the depth of specimens

are 100mm.

40

30

20
= 10 1_14—
Z A 5 11 K .
< 0 e i
g _10 :| ] o g s 4 3
= .20 ‘ 2nd-Tes

_30 ehoccces 3rd Tes

-40 + — -4th Test

-300 -200 -100 O 100 200 300
Vertical Displacement (mm)
Force-Displacement Relation Deformed Shape For Shear
Effect

Figure 2.11 : Force-Displacement relation for 5mm thick specimen derived
from cyclic shear test.
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Figure 2.12 : Force-Displacement relation for 8mm thick specimen
derived from cyclic shear test.

The specimens having 5mm and 8mm thickness had nominal strength of 10 KN and 35
KN respectively. Which directly indicate that with increasing of specimen thickness, the
nominal strength of specimen rises. The specimens behaved symmetrically under shear
effect. Moreover cracking observed at displacement target of 157mm, leading to rupture
at the final displacement target of 220 mm at specimens having 5mm and 8mm
thickness. As it is shown in Figure, 2.13.1t should be mentioned that, damages were

occurred on the welding location where two side of specimen linked to each other.

\

5mm thick specimen 8mm thick specimen

Figure 2.13 : Damages occurred on the welding location at 5mm and 8mm
thick specimens in the cyclic shear test.
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The sudden sharp increase of the force in the Force-Displacement curve is due to

contact of bolt with the vertices of specimen as it is shown in Figure 2.14.
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Figure 2.14 : Sharp increase of force value in force-vertical displacement relation
derived from cyclic shear test.

The force displacement relation obtained from monotonic test for 3mm, 5mm and
8mm thick specimens are presented in Figure 2.15, 2.16 and 2.17 respectively.
According to Figure 2.15, the nominal shear yield strength of 3mm thick specimen is
4.11 KN and the yield displacement is 17.66 mm, the value of ultimate strength is
8.25 KN.
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Force-Vertical Displacement Relation Deformed shape of 3mm
thick specimen

Figure 2.15 : Force-Displacement relation for 3mm thick specimen derived
from monotonic shear test.
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According to Figure 2.16, the nominal shear strength of 5mm thick specimen is
10.42 KN and the yield displacement is 12.75 mm, the value of ultimate strength is
24.18 KN.
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Figure 2.16 : Force-Displacement relation for 5mm thick specimen derived
from monotonic shear test.

According to Figure 2.17, the nominal shear yield strength of 8mm thick specimen is
28.46 KN and the yield displacement is 12.59 mm, the value of ultimate strength is
138.09 KN. It should be noted the sharp increase at the ultimate strength is because

of bolt contact with specimen vertex.
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Figure 2.17 : Force-Displacement relation for 8mm thick specimen derived
from monotonic shear test.
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2.3.2.2 Cyclic and monotonic shear tests envelop

The cyclic shear test’s envelops are compared with monotonic shear test results for
each distinct specimen, as expected each monotonic shear test results comprise cyclic

shear test force-displacement envelope, as shown in Figure 2.18, 2.19 and Figure

2.20 for 3mm, 5mm and 8mm thick specimen respectively.
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Figure 2.18 : Envelop of cyclic shear test in comparison with monotonic shear
test for 3mm thick specimens.
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Figure 2.19 : Envelop of cyclic shear test in comparison with monotonic shear

test for 5mm thick specimens.
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Figure 2.20 : Envelop of cyclic shear test in comparison with monotonic
shear test for 8mm thick specimens.

2.3.2.3 Energy dissipation

Steel specimens have high-energy dissipation capability under the seismic or wind
actions, through the formation of hysteresis in Force-Displacement curve. The
dissipative energy for each loop is equal to area of pertinent loop. With the aid of
Matlab v 7 program (Dindar, 2009) dissipated energy was calculated per loop by
separation of hysteresis and calculation of the corresponding loop’s area, afterwards
each loop’s dissipative energy amount added together which leads to cumulative
energy, in other word, this cumulative energy is the energy dissipation capacity of
steel cushions. Arbitrarily as the depth of the specimens is 100mm, therefore there is

no difference between displacement and drift angle.

The dissipated energy of one loop and cumulative dissipated energy for 3mm thick
steel specimen, which is the Matlab program output, are illustrated in Figure 2.21
and 2.22.

Figure 2.21 : Envelop of cyclic shear test in comparison with monotonic
shear test for 8mm thick specimens.
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Figure 2.22 : Energy per loop and cumulative dissipated energy value for 3mm thick
steel specimen under shear effect.

The cumulative energy versus displacement graphs for 3mm, and 5mm thick steel
cushions are illustrated in Figure 2.23, and Figure 2.24. The average cumulative
energy value is 149034 KN.mm and 42959 KN.mm for t=3mm and 8mm thick

specimens respectively.
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Figure 2.23 : Cumulative energy-vertical displacement relation for 3mm thick
specimens derived from cyclic shear test.
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Figure 2.24 : Cumulative energy-vertical displacement relation for 5mm thick
specimens derived from cyclic shear test.

The cumulative energy versus displacement graphs for 8mm thick steel cushions is
illustrated in Figure 2.25. The average cumulative energy value is 113215 KN.mm

for t=8mm thick specimens.
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Figure 2.25 : Cumulative energy-vertical displacement relation for 8mm thick
specimens derived from cyclic shear test.

As it is apparent from the cumulative dissipated energy curve for the varied
thicknesses the amount of dissipated energy increase significantly, with rising of the
thicknesses, in fact these energy dissipation value represents the amount of energy
absorption of each specimen subjected to excitation. The comparisons of the

dissipated energy value for three specific thicknesses are illustrated in Figure 2.26.
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Figure 2.26 : Comparison of cumulative energy-vertical displacement for three
distinct specimens under shear effect.

2.3.2.4 Equivalent viscous damping

Equivalent viscous damping is calculated per specimen as well. The calculations are
based on the equivalent damping ratio relation (Chopra, 1995) the pertinent
explanation exists in the first chapter. The equivalent damping ratio versus
displacement curve for t=3mm specimen is illustrated in Figure 2.27.The average

damping ratio 50.25% for t=3mm thick specimens.
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Figure 2.27 : Equivalent viscous damping ratio-vertical displacement relation for
3mm thick specimens derived from cyclic shear test.

Equivalent viscous Damping ratio versus Displacement curves for t=mm and

t=8mm specimens are illustrated in Figure 2.28.and Figure 2.29, respectively.
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Figure 2.28 : Equivalent viscous damping ratio-vertical displacement relation for
5mm thick specimens derived from cyclic shear test.
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Figure 2.29 : Equivalent viscous damping ratio-vertical displacement relation for
8mm thick specimens derived from cyclic shear test.

The average equivalent damping ratios are 62.16% and 49.31%, for t=5mm and
t=8mm thick specimens respectively. Also in some tests, the maximum displacement
reached the 157mm, while the final displacement target is 220mm this is due to the
ruptures during applying the last target, thereby the test was terminated. The
comparisons of the equivalent damping for three distinct specimens are shown at
Figure 2.30. According to Figure 2.30 the specimens having 5Smm thickness have
maximum equivalent viscous damping ratio and specimens having 3mm thickness
have the least corresponding ratio, while 8mm thick specimens have the equivalent

viscos damping ratio between 3mm thick and 5mm thick specimens damping ratio.
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Figure 2.30 : Comparison of equivalent viscos damping ratio for three distinct

specimens under shear effect.

2.3.2.5 Effective (secant) stiffness

Curves of effective stiffness versus displacement for 3mm, 5mm and 8mm steel
cushions are compared in Figure 2.31. According to Figure 2.31 8mm, thick
specimens have the secant stiffness value higher than 5mm and 3mm thick
specimens, and 3mm thick specimens have the secant stiffness value less than 5mm

thick specimen, corresponding value does. Thus as the specimens thickness increases

the secant stiffness value rises.
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Figure 2.31 : Comparison of the Ksecant for three distinct specimen under

shear effect.

Effective stiffness is normalized by initial stiffness to evaluate the rate of stiffness
decadence. Normalized stiffness ratio versus displacement curves for 3mm, 5mm and

8mm thick specimens are presented in Figure 2.32, 2.33 and Figure 2.34

respectively.
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Figure 2.33 : Ratio of Ksecant to k initial for 5mm thick specimens
derived from cyclic shear test.
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Figure 2.34 : Ratio of Ksecant to k initial for 8mm thick specimens

derived from cyclic shear test.

The comparisons of the Ksecant /Kinitial for three specific steel cushions are

presented in Figure 2.35.
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Figure 2.35 : Comparison of normalized stiffness ratio for three distinct
specimens under shear effect.

These results indicate that the decaying rate of stiffness during the tests is
independent of specimen thickness. In fact, these decaying rates are identical for all

of three distinct specimens.

2.3.2.6 Strain history

The strain values are measured from the strain gages located at the critical points.
The locations of strain gages are shown in Figure 2.36. The location of first yielding
was at SG#3 at all of the distinct specimens. The obtained strain histories versus drift
angle of three distinct specimens are compared in Figure 2.37 and 2.38. The red line
in the Figures indicates the yielding strain. In SG#3 point, the yielding strain range is
between 2500 and 3000us. There is a relation between the strain values and
equivalent viscos-damping ratio. 5mm thick, specimens have higher strain values and
damping ratio with respect to the 3mm and 8mm thick specimens and the 8mm thick
specimens have higher strain values and damping ratio next to the 3mm thick ones.
The average yield displacements are 15.64mm, 10.97mm and 11.039mm for t=3mm,

5mm and t=8mm thick specimens respectively.

General view of shear test specimen

Figure 2.36 : Location of Strain gages on the test specimens under shear effect.
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Figure 2.37 : Comparison bottom strain versus drift relation for 3mm and 5mm
thick specimens at cyclic shear test.
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Figure 2.38 : Comparison bottom strain versus drift relation for 5mm and 8mm
thick specimens at cyclic shear test.

2.3.3 Evaluation of experimental results for three specific specimens under
shear loading

The experimental results derived from the cyclic shear tests for three different

specimens are summarized at Table 2.4.

Table 2.4 : Summary of experimental results derived from cyclic shear test for three.

Specimen Test Initial Yield Max Yield Ultimate Ductility
Type number stiffness Force Force Displacement | Displacement u
Ko (KN) (KN) Dy (mm) Du (mm)
KN/mm

- 1 0.13 2.94 4.25 22.03 178.12 8.09
£ S g 2 0.17 1.82 4,12 10.59 157.09 14.83
UE) €3 3 0.21 3.03 3.81 14.97 157.08 10.50
© 4 0.18 2.70 3.48 14.95 156.90 10.50
- 1 0.66 6.93 11.73 10.55 157.45 14.93
€5 _g 2 0.82 9.82 14.25 12.01 178.05 14.83
5ES 3 0.70 736 | 11.38 10.55 157.88 14.96
© 4 0.68 723 | 11.80 10.56 157.18 14.88
- 1 2.01 24.17 45.62 12,0 178.71 14.90
£ S g 2 2.71 28.63 40.24 10.56 157.15 14.89
= é’ 3 2.84 29.95 38.45 10.56 157.08 14.88
4 2.71 28.52 38.24 10.53 156.82 14.89
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2.3.3.1 Ductility

The ductility is the ratio between Au to Ay (ultimate displacement to vyield
displacement). It should be noted that four tests were performed per thickness, but as
most of values are so closed for each thickness, the ductility values overlap with each
other in specific thickness. The relation between thickness and ductility of three

distinct specimens is illustrated by trend line in Figure 2.39.
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Figure 2.39 : Relation between ductility and specimens thickness for three
distinct thicknesses under shear effect.

Figure 2.39 indicates that ductility increases with raising of thickness, therefore the
specimens with larger thicknesses have the higher ductility next to smaller

thicknesses.

2.3.3.2 Yield force and yield displacement

The vyield force and yield displacement can be obtained by means of strain history
evaluation for three distinct specimens. The relations between yield force/yield
displacement and specimen thickness are presented by trend line in Figure 2.40 and
2.41. According to Figure 2.40 and 2.41, yield Force increases with rising of
specimen thickness, whereas yield displacement declines with rising of specimen

thickness.
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Figure 2.40 : Relation between yield force and specimens thickness for three
distinct thicknesses under shear effect.
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Figure 2.41 : Relation between yield displacement and specimens thickness for
three distinct thicknesses under shear effect.

2.3.3.3 Maximum shear force

The relation between maximum shear force and specimens thickness is presented by
trend line in Figure 2.42. The maximum shear force rises with the increase of

specimen thickness.
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Figure 2.42 : Relation between maximum shear force and specimens thickness for
three distinct thicknesses under shear effect.
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2.3.3.4 Initial stiffness

The relation of the initial stiffness versus thicknesses is shown in Figure 2.43 As

expected, initial stiffness increases as of specimen’s thickness rises.

25

KO Initial Stiffness (KN/mm)

Thickness (mm)

Figure 2.43 : Relation between initial stiffness and specimens thickness for three
distinct thicknesses under shear effect.

2.4 Uniaxial Axial Test

A set of cyclic and monotonic tension and compression axial tests were carried out as
shown in Figure 2.44. For each thickness, two monotonic tests (one tension and one
compression) and one cyclic test were performed; the main parameter for each test
was the specimen thicknesses. The tests were conducted to investigate the cyclic and
monotonic axial behavior of steel specimens. The specimens in the following system
tests and real structure are located at the base of concrete cladding panels under
weight of concrete panels, thus it is essential to determine the axial behavior of steel
cushions. Also because of probable out of plane movement or asymmetric behavior
of concert panels, application of the axial test is compulsory for the steel cushions, in
panel to beam connections in the system test and real structure. The test set-up is the
same as the cyclic shear test, only the left short column of set up was utilized, and it
played the role of base support for steel cushions in this test. The out of plane
restrainers were used to avoid the probable rotation of the actuator head. The
monotonic and cyclic protocol were applied by vertical actuator. One transducer was

utilized to measure the lateral displacement of base plate and two numbers of
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transducers were installed in each side of the actuator head to capture possible
rotation would be any rotation of actuator head or not. The test set-up and the

transducers location are presented in Figure 2.45 and 2.46 respectively.

Monotonic Monotonic tension Cyclic axial test for

compression test for test for 8mm thick 8mm thick specimen
3mm thick specimen specimen

Figure 2.44 : Monotonic and cyclic axial test.

Cyclic axial test applied on Cyclic axial test applied on t=5mm
t=8mm specimen specimen

Figure 2.45 : General view of testing set-up.
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Figure 2.46 : Technical drawing of test set-up.
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2.4.1 Axial test loading protocol

The testing protocols selected in accordance with the recommendations placed in
FEMA 461, which actually is based on the expected maximum drift ratios. The
dimensions of the steel cushions are 250 mm in width and 100 mm in depth. In
considering the expected deformability of the cushions, the target displacements
derived by multiplying the “ai/al0” ratios with the specimen height of 100 mm in its
vertical axis. The maximum target displacement was considered 64.44 mm instead of
100mm, because of bolt contacts to each other. The ratios to determine target
displacement amplitudes are defined in Table 2.5. Ten diverse amplitude levels exist
in the table. Two full cycles applied for each displacement target. The displacement

targets values are shown in Table 2.6.

Table 2.5 : Ratio of displacements amplitudes, (FEMA 461 , 2007).

step 1 2 3 4 5 6 7 8 9 10

ai/fal0| 0.048 | 0.068 | 0.095 | 0.133 |0.186 | 0.260 | 0.364 | 0.510 | 0.714 | 1.000

Table 2.6 : Displacement targets of uniaxial axial test.

step 1 2 3 4 5 6 7 8 9

Displacement 4.8 6.8 9.5 13.3 | 186 | 26.0 | 36.4 | 51.0 66.4
Target (mm)

The complete loading protocol is presented in Figure 2.47. In the monotonic tests, the
same target displacements were applied as shown in Figure 2.48. It is worthy to
mention that in the monotonic tension test to determine the tensile strength of
specimens the applied ultimate displacement target exceeded with respect to
corresponding ultimate displacement target in the cyclic axial test. Since, there was
not any restriction to precede the test, whereas in the monotonic compression axial
test the ultimate target was identical with the cyclic axial test ultimate displacement

target, because of top and bottom bolts contact with each other.
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Figure 2.47 : Drift based cyclic loading protocol applied to steel
cushions at cyclic axial test.
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Figure 2.48 : Drift based monotonic loading protocol applied to steel
cushions at axial test.

2.4.2 Experimental results of cyclic and monotonic axial tests

2.4.2.1 Force-Displacement relation

The force-displacement relation, which obtained from the cyclic axial tests for 3mm,
5mm and 8mm thick specimens are presented in Figure 2.49, 2.50 and Figure 2.51

respectively.
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Figure 2.49 : Cyclic axial test performed on t=3mm steel cushion.
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Figure 2.50 : Cyclic axial test performed on t=5mm steel cushion.
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Figure 2.51 : Cyclic axial test performed on t=8mm steel cushion.

The nominal compression yield strength is 8 KN, 15 KN and 45 KN, The ultimate
compression strength is 10 KN, 30 KN, and 100 KN for t=3mm, 5mm and 8mm
specimens, respectively. The nominal tension yield strengths are 3KN, 6KN, and
16KN, the ultimate tension strength is 4 KN, 11 KN, and 32KN for 3mm, 5mm and

8mm thick specimens respectively. The values of strength for compression tests are
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higher than the tension tests because the stiffness of specimens under the
compression effect is higher than corresponding value under the tension tests. The
specimens behaved asymmetrically under cyclic axial loading. After yielding, force

increases at both compression and tension parts.

The force displacement relation obtained from monotonic compression and tension
axial tests for 3mm, 5mm and 8mm thick specimens are presented in Figure 2.52,
2.53 and 2.54 respectively. According to Figure 2.52, the axial yield strengths of
3mm thick specimen are 2.89 KN, 6.79 KN, the yield displacement is 14.30 mm, and
12.02 mm, the value of ultimate strength is 5.40 KN and 11.85 KN, in monotonic
tension and compression tests respectively. It should be noted that in compression
test after 64 mm the top and bottom bolts were contacted with each other, therefore

the test terminated at this point.
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Figure 2.52 : Force-Displacement relation for 3mm thick specimen derived
from monotonic axial test.

According to Figure 2.53, the axial yield strength of 5mm thick specimen is 6.09
KN, 16.87 KN, the yield displacement is 11.09 mm, and 10.72 mm, the value of
ultimate strength is 11.70 KN and 25.12 KN, in monotonic tension and compression

tests respectively.
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Figure 2.53 : Force-Displacement relation for 5mm thick specimen derived
from monotonic axial test.
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According to Figure 2.54 the axial yield strength of 8mm thick specimen is 22.90
KN, 49.83 KN, the yield displacement is 10.60 mm, and 5.20 mm, the value of
ultimate strength is 51.50 KN and 156.87 KN, in monotonic tension compression and

tests respectively.
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Figure 2.54 : Force-Displacement relation for 8mm thick specimen derived
from monotonic axial test.

2.4.2.2 Cyclic and monotonic axial tests envelop

The monotonic tests envelop results are compared with cyclic force-displacement
hysteresis in Figure 2.55. As expected, the monotonic test results generate the cyclic

force-displacement hysteresis envelop for each specific specimen.
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Figure 2.55 : Comparison of monotonic test results with cyclic force-displacement
hysteresis for t=3mm, 5mm and 8mm thick specimens.

2.4.2.3 Energy dissipation
The energy dissipation capacity for three specific specimens subjected to axial loads
is illustrated in Figure 2.56. According to the Figure 2.56, there is a relation between

energy dissipation capacity and thickness, the energy dissipation capacity increases

with increasing thickness. 3mm, 5mm and 8mm thick specimens have maximum
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energy dissipation capacity of 2759, 9865 and 26987 KN.mm respectively, at

maximum displacement target.
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Figure 2.56 : Cumulative energy dissipation capacity for three distinct
specimens derived from cyclic axial test.

2.4.2.4 Equivalent viscous damping

The calculated equivalent damping ratio for three specific specimens subjected to
axial loading are presented in Figure 2.57. According this Figure the damping ratio
does not increase with increasing of thickness. The specimen having the highest
damping ratio is 5mm thick specimen and the least one is 3mm thick specimen while
8mm thick specimen is located between two specimens. The maximum damping
ratio for t=3mm thick specimen is 14.48%, for t=bmm thick specimen this value is
16.48% and for t=8mm thick specimen is 13.33%.
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Figure 2.57 : Equivalent damping ratio in term of displacement for three distinct
specimens derived from cyclic axial test.
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2.4.2.5 Effective (secant) stiffness

The comparison of the normalized stiffness ratio vs. displacement, for three specific
specimens is presented in Figure 2.58. These results indicate that the decaying rate of
stiffness during the tests is independent of specimen thickness. In fact, these
decaying rates are identical for all of three distinct specimens. It should be noted that
the normalized stiffness ratio for 5mm thick specimen is higher than corresponding
value for 3mm thick specimen and normalized stiffness ratio for 3mm thick

specimen is higher than corresponding value for 8mm thick specimen.
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Figure 2.58 : Comparison of normalized stiffness ratio versus displacement derived
from cyclic axial test for three specific specimens.

2.4.2.6 Strain history

The strain gage placements for the specimen, are shown in Figure 2.59. The strain
histories for the critical point are compared for three distinct specimens in Figure
2.60 and 2.61. There is the relation between the obtained equivalent damping ratio
and strain values. 5mm thick specimen gives higher strain values and damping ratio
next to 3mm and 8mm. The yielding level of steel cushions is relevant to hysteresis

damping directly.
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Figure 2.59 : Location of strain gages at monotonic and cyclic axial test.
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Figure 2.60 : Comparison of strain histories in terms of drift for t=3mm and 5mm
thick specimens derived from cyclic axial test.
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Figure 2.61 : Comparison of strain histories in terms of drift for t=5mm and 8mm
thick specimens derived from cyclic axial test.

2.4.3. Evaluation of experimental results for three specific specimens under

axial loading

The experimental results derived from the cyclic axial tests for three different
specimens are summarized at Table 2.7 and 2.8. As the specimens behaved
asymmetrically under axial effect, the results are given for tension and compression

parts individually.

Table 2.7 : Summary of test results under compression stress.

Specimen Initial Yield Max Yield Ultimate Ductility

thickness | stiffness K, | Force Force Displacement Displacement n
KN/mm (KN) (KN) Dy (mm) Du (mm)

t=3mm 0.64 6.11 10.21 9.52 62.98 6.62

t=5mm 1.96 18.65 27.34 9.53 63.99 6.72

t=8mm 8.78 51.02 98.37 5.81 58.05 9.99
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Table 2.8 : Summary of test results for under tensile stress.

Specimen Initial Yield Max Yield Ultimate Ductility

thickness | stiffness Ko | Force Force Displacement Displacement n
KN/mm (KN) (KN) Dy (mm) Du (mm)

t=3mm 0.29 2.77 3.88 9.50 61.96 6.52

t=5mm 0.79 7.47 10.58 9.49 61.98 6.53

t=8mm 2.60 21.18 32.00 8.14 56.99 7.00

2.4.3.1 Ductility

The relation between ductility and specimen thickness for cyclic axial tests are

presented by linear trend in Figure 2.62 and 2.63, for compression and tension parts

respectively. As it is obvious from the Figure 2.62, the ductility increases with

increase of thickness so that, thicker specimen has more ductility; conversely, the

thinner specimen has smaller ductility.
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Figure 2.62 : Ductility in term of specimen thickness for three distinct
specimens in compression part.
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Figure 2.63 : Ductility in term of specimens thickness for three distinct
specimens in tension part.

The ductility increases with increasing thickness in tension part.
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2.4.3.2 Yield force and yield displacement

Trend line in Figure 2.64 and 2.65, for compression and tension part respectively,
demonstrate yield force in terms of specimen thickness. There is the direct relation
between vyield force and specimens thickness, so that the yield forces increase

directly with rising thickness at both tension and compression part.
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Figure 2.64 : Yield force in terms of specimen thickness for three distinct
specimens in compression part.
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Figure 2.65 : Yield force in terms of specimen thickness for three distinct
specimens in tension part.

Trend line in Figure 2.66 and 2.67, for compression and tension part respectively,
demonstrate yield displacements in terms of specimen thickness. In compression and

tension part, yield displacement decreases with increasing thickness.
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Figure 2.66 : Yield displacement in terms of specimen thickness for three distinct
specimens in compression part.
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Figure 2.67 : Yield displacement in terms of specimen thickness for three distinct
specimens in tension part.

2.4.3.3 Maximum shear force

The relation between maximum force and specimen thickness in compression and
tension parts under axial effect is shown by trend line in Figure 2.68 and 2.69. This
force is the maximum shear force obtained in the axial test for three specific
thicknesses in each part. As it is clear in Figure 2.68 and 2.69, maximum shear force

increases as specimen thickness increases.
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Figure 2.68 : Maximum force in terms of specimen thickness for three distinct
specimens in compression part.
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Figure 2.69 : Maximum force in terms of specimen thickness for three
distinct specimens in tension part.

2.4.3.4 Initial stiffness

Initial stiffness trends in term of specimen thickness are demonstrated in Figure 2.70
and 2.71, for compression and tension part, respectively. Initial stiffness increases

directly with increasing thickness, at both tension and compression part.
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Figure 2.70 : Initial stiffness in terms of specimen thickness for three distinct
specimens in compression part.
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Figure 2.71 : Initial stiffness in terms of specimen thickness for three distinct
specimens in tension part.
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3. Bi-DIRECTIONAL CYCLIC SHEAR AND AXIAL TEST

In this chapter the bi-axial behavior of steel cushions with thicknesses of 3, 5, and
8mm are investigated. This chapter is divided into two sections. In the first section
the bi-directional cyclic shear and tension axial test is discussed and in the second
section, the bi-directional cyclic shear and compression axial test is discussed. In the
last part, the interaction diagrams for three distinct specimens are presented as well.

3.1 Introduction

The large experimental campaigns were conducted to examine the cyclic shear
behavior of steel cushion subjected to constant axial tension or compression effects.
The bi-axial tests are in great importance, since the steel cushions were designed to
be utilized as panel to support, panel-to-panel and panel to beam connections in the
industrial buildings, as shown in Figure 3.1. Thus, the steel devices encounter with
different types of load combinations. In particular, at the base, the steel cushions play
the role of support; they are subjected to shear deformation under lateral load and
axial deformation under the self-weight of cladding panels simultaneously. In
addition, the axial force can be altered from tension to compression or vice versa,
because of panels racking. The special test set-up was design to perform the biaxial
tests. The test set-up consisted of two main parts , in the right hand side the
horizontal actuators was used to apply the axial tension or compression force and this
forces were tried to be kept constant during the tests. In the left hand side, the
vertical actuator applied the drift base cyclic displacement protocol. To avoid the out
of plane displacement of vertical and horizontal actuator the out of plane restrainer
were utilized. The general views and technical drawing of the test set-up are

presented in Figure 3.2, 3.3 and Figure 3.4.
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Figure 3.1 :
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Figure 3.2 : General view of test set-up.

Steel cushions configuration on the precast structure.
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Figure 3.3 : General dimension of test set-up.
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Figure 3.4 : Plan view of test set-up.
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The maximum axial tension and compression capacity of three distinct steel cushions
were determined in the uni-axial monotonic tests. The values of the applied constant
tension or compression axial loads were 25%, 50% and 75% of the maximum axial
capacity per distinct specimen. Figure 3.5 presents the deformed shape of steel

cushions under bi-axial effects.

N+V test, axial
compression 25
(KN)

N+V test, axial
compression 50
(KN)

N+V test, axial
tension 25
(KN)

N+V test, axial
tension 75
(KN)

Figure 3.5 : Bi-Axial test under varied level of constant axial tension and
compression load.

The total numbers of 42 biaxial tests were performed. The summery of the
experimental campaign are summarized at Table 3.1. The main parameters of the

tests were the specimen thickness and the value of constant axial force.

Table 3.1 : Experimental program summary in the bi-directional tests.

Total
Number

Test Scheme t=3 mm t=5mm t=8 mm
N/No (%) ol2|5|7]0]2]|5 21517
51015 51015 51015

*@122212221222 21
4-@ 1122|2122 |2]1|2]|2)2 21

The displacement protocol was similar with the uni-axial shear test protocol and was

]
o

Test Type

Cyclic shear and
constant axial
compression
Cyclic shear and
constant axial
tension

applied by vertical actuator. The horizontal actuator, as shown in Figure 3.6 applied
the constant axial load. Two transducers were used to measure rotation of vertical
plate connected to horizontal jack to control the uniform distribution of axial force
and one transducer was used to measure the vertical displacement of plate connected
to the horizontal jack. The value of axial load at any time was measured through the
load cell on the horizontal actuator. The transducer locations are illustrated in Figure
3.7.
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Figure 3.6 : Direction of applied loads.
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Figure 3.7 : Location of transducers and load cells.
3.2 Experimental Results of Bi-directional Test under Shear + Tension Loading

In this section, the experimental results obtained from bi-directional cyclic shear and
axial tension tests are discussed. It is worthy to mention that axial tension forces
were constant during the tests. The values of the axial tension forces are selected
based on the proportion of the N/Ng in which N is the axial ultimate tension strength
obtained from the monotonic axial tension tests. The applied axial loads were 25%,
50% and 75% of No.

3.2.1 Force-Displacement relation

The force - displacement relations which obtained from bi-directional shear and axial
tension tests are presented in Figure 3.8, 3.9 and Figure 3.10 for t=3mm thick steel
cushion subjected to N/No = 25%, N/No = 50% and N/No = 75 % respectively, the
corresponding axial load values are 2.5, 5, and 7.5 KN.

58



/
L@
L

</
_

Shear Force (KN)
O RANON P~

-300 -200 -100 O 100 200 300
Displacement (mm)

N/No = 25% Deformed shape

Figure 3.8 : Force-Displacement relation of 3mm thick specimen under tensile
axial load of N/Ny=25%.

The nominal yield strength is about 2.18KN in tension part and 3.22KN in
compression part under the axial load of 2.50 KN. In this level of constant tensile
axial load, the steel cushion behaved asymmetrically. There is no any reduction in
the displacement capacity.
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Figure 3.9 : Force-Displacement relation of 3mm thick specimen under tensile
axial load of N/N¢=50%.

The nominal yield strength is about 2.28 KN in tension part and 2.63KN in
compression part under the axial load of 5.0 KN. In this level of constant tensile axial
load, the steel cushions behaved symmetrically. There is no any reduction in the
displacement capacity.
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Figure 3.10 : Force-Displacement relation of t= 3mm thick specimens under
tensile axial load of N/Ng=75% KN.
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The nominal yield strength is about 2.04 KN in tension part and nearly 2.90 KN in
compression part under the axial load of 7.50 KN. In this level of constant tensile
axial load, the steel cushion behaved asymmetrically. There is no any reduction in

the displacement capacity.

The force-displacement relations t=3mm thick specimen are compared in Figure 3.11
with each other in two extreme states under N= 2.5 KN and N= 7.5 KN to show the
effect of axial load in shear capacity. The nominal yield strength decreases up to

6.4% as the axial constant load increases. There is no any change in the displacement

capacity.
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Figure 3.11 : Comparison of force-displacement relation for 3mm thick
specimens under tensile axial stress.

The force - displacement relations which obtained from bi-directional shear and axial
tension tests are presented in Figure 3.12, 3.13 and Figure 3.15 for t=bmm thick steel
cushion subjected to N/No = 25%, N/Ng = 50% and N/No = 75 % respectively, the
corresponding axial load values are 7.5, 15, and 25 KN.
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Figure 3.12 : Force-Displacement relation of 5mm thick specimen under
tensile axial load of N/N¢=25%.
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The nominal yield strength is about 7.86 KN in tension part and 9.93KN in
compression part under the axial load of 7.5 KN. In this level of constant tensile axial

load, the steel cushion behaved asymmetrically. There is no any reduction in the
displacement capacity.
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Figure 3.13 : Force-Displacement relation of 5mm thick specimen under tensile
axial load of N/Ny=50%.

The nominal yield strength is about 4 KN in tension part and 5.22 KN in
compression part under the axial load of 15 KN. In this level of constant tensile axial
load, the steel cushion behaved asymmetrically. In addition, rupture occurred in the
final target displacement 200mm as it is shown in Figure 3.14.

Figure 3.14 : Rupture occurred at the final displacement target in 5mm steel cushion
under tensile axial stress of 15 KN.
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Figure 3.15 : Force-Displacement relation of 5mm thick specimen under
tensile axial load of N/Ny=75%.
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The nominal yield strength is about 3.55KN in tension part and 5.19KN in
compression part under the axial load of 25 KN. In this level of constant tensile axial
load, the steel cushion behaved asymmetrically. In addition, cracking and rupture

occurred in the final target displacement 200mm as it is shown in Figure 3.16.

Figure 3.16 : Rupture occurred at the final displacement target in 5mm steel
cushion under tensile axial stress of 25 KN.

The force-displacement relations t=5mm thick specimen are compared in Figure 3.17
with each other in two extreme states under N= 7.5 KN and N= 25 KN to show the
effect of axial load in shear capacity. The nominal yield strength decreases up to 41%
as the axial load increases. In addition, the increase of the tensile axial load causes a
reduction in the displacement capacity.
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Figure 3.17 : Comparison of force-displacement relation for 5mm thick
specimens under tensile axial stress.

The force - displacement relations which obtained from bi-directional shear and
tensile axial tests are presented in Figure 3.18, 3.20 and Figure 3.22 for t=8mm thick
steel cushion subjected to N/No = 25%, N/Ng = 50% and N/Ng = 75 % respectively ,
the corresponding axial load values are 25, 50, and 75 KN.
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Figure 3.18 : Force-Displacement relation of 8mm thick specimens under
tensile axial load of N/Ng=25%.

The nominal yield strength is about 25.86KN in tension part and 25.68KN in
compression part under the axial load of 25 KN. In this level of constant tensile axial
load, the steel cushion behaved symmetrically. In addition, at the final displacement

target of 200mm rupture occurred as it is shown in Figure 3.19.

Figure 3.19 : Rupture occurred at the final displacement target in 8mm steel cushion
under tensile axial stress of 25 KN.
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Figure 3.20 : Force-Displacement relation of 8mm thick specimens under
tensile axial load of N/Ng=50%.

The nominal yield strength is about 16.86KN in tension part and 16.86KN in
compression part under the axial load of 50 KN. In this level of constant tensile axial
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load the steel cushion behaved symmetrically. In addition, at the final displacement
target of 200mm rupture occurred as it is shown in Figure 3.21.

Figure 3.21 : Rupture occurred at the final displacement target in 8mm steel
cushion under tensile axial stress of 50 KN.
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Figure 3.22 : Force-Displacement relation of 8mm thick specimens under
tensile axial load of N/N¢=75%.

The nominal yield strength is about 16.03KN in tension part and 17.03KN in
compression part under the axial load of 75 KN. In this, level of constant tensile axial
load the steel cushion behaved symmetrically. In addition, at the final displacement

target of 200mm rupture occurred as it is shown in Figure 3.23.
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Figure 3.23 : Rupture occurred at the final displacement target in 8mm steel
cushion under tensile axial stress of 75KN.
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The force-displacement relations t=8mm thick specimen are compared in Figure 3.24
with each other in two extreme states under N= 25 KN and N= 75 KN to show the
effect of axial load in shear capacity. The nominal yield strength decreases up to 36%
as the axial constant load increases. In addition, there is reduction in the

displacement capacity in the both cases.

50 50
= 40 — 40
X 30 g 30
g 20 f , < 20
5 10 S 10
£ o [ 5 ) ! 1//dll)
5 . e ) | ol L)) ] /|
s -10 1/ = -10
& -20 2 20
-30 7 “ .30
-40 -40
-50 -50
-300 -200 -100 0 100 200 300 -300-200-100 0 100 200 300
Displacement (mm) Displacement (mm)
N/No = 25% N/No = 75%

Figure 3.24 : Comparison of force-displacement relation for 8mm thick
specimens under tensile axial stress.

The force-displacement relations for steel cushions in three distinct thicknesses under
two extreme axial forces are compared in Figure 3.25.According Figure 3.25 as the

thickness increases the shear yield strength increases as well.

50 50
40 40
30 ot 30
_ o ) B E——
= 10 =10 AR Y
S 53 :
[<5) Vi 1 [<5) 0
S -10 i £-10
S gl L HH "."-'};:".:‘
-20 752 el -20 = i
-30 4 = t=3mm -30 ‘ t—3n|1m
-40 / —t—t=5mm 0 t:5ni|m
50 ——-f-—- t=28mm 50 eefoecees t:8n1|m
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
Displacement (mm) Displacement (mm)
N/Ng = 25% N/Ng = 75%

Figure 3.25 : Comparison of force-displacement relation in terms of different
thicknesses under constant level of tensile axial load.
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3.2.2 Energy dissipation

The cumulative energy in terms of displacement for t=3mm thick specimen subjected
to constant tensile axial loads of N=2.5 KN, N=5 KN, and N=7.5 KN are displayed
at Figure 3.26, 3.27, and Figure 3.28, respectively the corresponding axial load
values are 2.5, 5 and 7.5 KN.
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Figure 3.26 : Cumulative energy in terms of displacement for t=3mm thick steel
cushions under constant tensile load of N=2.5 KN.

The cumulative energy capacity is 12603 and 12048 KN.mm for 3mm thick

specimen in the first and second test respectively.
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Figure 3.27 : Cumulative energy in terms of displacement for 3mm thick steel
cushions under constant tensile load of N=5.0 KN.
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The cumulative energy capacity is 10818 and 7672 KN.mm for 3mm thick specimen
in the first and second test, respectively. This difference in the energy capacity can

be because of experimental errors.
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Figure 3.28 : Cumulative energy in terms of displacement for 3mm thick steel
cushions under constant tensile load of N=2.50 KN.

The cumulative energy capacity is 10754 and 11419KN.mm for 3mm thick specimen

in the first and second test, respectively.

The cumulative capacity for t=3mm thick steel cushions in two extreme tensile axial
load level of N/Ny=25% and N/No=75% are compared to show the effect of the

tensile axial load in Figure 3.29.
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Figure 3.29 : Comparison of energy dissipation capacity for 3mm thick specimens
under tensile axial stress in two extreme axial loads.

The increase of tensile axial load has the negative effect it reduces the cumulative
energy capacity, however this reduction is not significant for t=3mm thick steel

cushions according to the Figure 3.29.
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The cumulative energy in terms of displacement for t=5mm thick specimen subjected
to constant tensile axial loads of N=7.5 KN, N=15 KN, and N=25 KN are displayed
at Figure 3.30, 3.31, and Figure 3.32 respectively, the corresponding axial load
values are 7.5, 15 and 25 KN.
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Figure 3.30 : Cumulative energy in terms of displacement for 5mm thick steel
cushions under constant tensile load of N=7.5 KN.

The cumulative energy capacity is 37053 and 39158 KN.mm for 5mm thick

specimen in the first and second test respectively.
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Figure 3.31 : Cumulative energy in terms of displacement for 5mm thick steel
cushions under constant tensile load of N=15 KN.

The cumulative energy capacity is 15299 KN.mm for 5Smm thick specimen in the

first and second test.
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Figure 3.32 : Cumulative energy in terms of displacement for 5mm thick steel
cushions under constant tensile load of N=25 KN.

The cumulative energy capacity is 15658 and 25744 KN.mm for 5mm thick
specimen in the first and second test, respectively. It should be noted that the rupture

occurred at the first test in the final displacement targets.

The cumulative capacity for t=5mm thick steel cushions in two extreme tensile axial
load level of N/Ny=25% and N/No,=75% are compared to show the effect of the

tensile axial load in Figure 3.33.
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Figure 3.33 : Comparison of energy dissipation capacity for 5mm thick specimens
under tensile axial stress in two extreme axial loads.

The increase of tensile axial load has the negative effect it reduces the cumulative
energy capacity up to 30.5 % for t=5mm thick steel cushions according to the Figure
3.33. It should be noted that the rupture occurred at the first test in the final

displacement target.
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The cumulative energy in terms of displacement for t=8mm thick specimen subjected
to constant tensile axial loads of N=25.0 KN, N=50.0 KN, and N=75.0 KN are
displayed at Figure 3.34, 3.35 and Figure 3.36, respectively, the corresponding axial
load values are 25, 50 and 75 KN.
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Figure 3.34 : Cumulative energy in terms of displacement for 8mm thick steel
cushions under constant tensile load of N=25 KN.

The cumulative energy capacity is 100179 and 34488 KN.mm for 8mm thick

specimen in the first and second test, respectively. It should be noted that the rupture

occurred at the second test in the final displacement targets.
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Figure 3.35 : Cumulative energy in terms of displacement for 8mm thick steel
cushions under constant tensile load of N=50 KN.

The cumulative energy capacity is 55625 KN.mm for 8mm thick specimen in the

first and second test.
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Figure 3.36 : Cumulative energy in terms of displacement for 8mm thick steel
cushions under constant tensile load of N=75 KN.

The cumulative energy capacity is 34025 and 54118 KN.mm for 5mm thick
specimen in the first and second test, respectively. It should be noted that the rupture

occurred at the second test in the final displacement targets.

The cumulative capacity for t=8mm thick steel cushions in two extreme tensile axial
load level of N/Ny=25% and N/N,=75% are compared to show the effect of the

tensile axial load in Figure 3.37.
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Figure 3.37 : Comparison of energy dissipation capacity for 8mm thick specimens
under tensile axial stress in two extreme axial loads.

The increase of tensile axial load has the negative effect it reduces the cumulative
energy capacity up to 66 % for t=8mm thick steel cushions according to the Figure
3.37. It should be noted that the rupture occurred under the axial load level of 75 KN
in 8mm thick specimen in the final displacement targets.
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3.2.3 Equivalent viscous damping

The equivalent damping in terms of displacement for t=3mm thick specimen
subjected to constant tensile axial loads of N=2.5 KN, N=5.0 KN, and N=7.5 KN are
displayed at Figure 3.38, 3.39 and Figure 3.40 respectively.
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Figure 3.38 : Equivalent damping ratio in terms of displacement for 3mm thick
steel cushions under constant tensile load of N=2.5 KN.

The maximum equivalent damping ratio is 65% and 52% for 3mm thick specimen in
the first and second test respectively. It should be noted that the falling section of the
equivalent damping ratio curves are not plotted up to final displacement target since

the maximum equivalent damping is important.
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Figure 3.39 : Equivalent damping ratio in terms of displacement for 3mm thick
steel cushions under constant tensile load of N=5 KN.

The maximum equivalent damping ratio is 44% and 45% for 3mm thick specimen in
the first and second test respectively. It should be noted that the falling section of the
equivalent damping ratio curves are not plotted up to final displacement target since

the maximum equivalent damping is important.
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Figure 3.40 : Equivalent damping ratio in terms of displacement for 3mm thick
steel cushions under constant tensile load of N=7.5 KN.

The maximum equivalent damping ratio is 53% and 47% for 3mm thick specimen in
the first and second test respectively. It should be noted that the falling section of the
equivalent damping ratio curves are not plotted up to final displacement target since

the maximum equivalent damping is important.

The equivalent damping ratio for t=3mm thick steel cushions in two extreme tensile
axial load level of N/Ng=25% and N/Ny=75% are compared to show the effect of the

tensile axial load in Figure 3.41.
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Figure 3.41 : Comparison of equivalent damping ratio for t= 3mm thick specimens
under two extreme tensile axial loads.

The tensile axial load has the negative effect as it increases from 2.5 KN to 7.5 KN
the maximum equivalent damping ratio decreases from 65% to 53% in t=3mm thick
steel cushions according to the Figure 3.41. It should be noted that the falling section
of the equivalent damping ratio curves are not plotted up to final displacement target

since the maximum equivalent damping is important.
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The equivalent damping in terms of displacement for t=5mm thick specimen
subjected to constant tensile axial loads of N=7.5 KN, N=15 KN, and N=25 KN are
displayed at Figure 3.42, 3.43 and Figure 3.44, respectively.
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Figure 3.42 : Equivalent damping ratio in terms of displacement for 5mm thick
steel cushions under constant tensile load of N=7.5 KN.

The maximum equivalent damping ratio is 54% for 5mm thick specimen in the first

and second test.
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Figure 3.43 : Equivalent damping ratio in terms of displacement for 5mm thick
steel cushions under constant tensile load of N=15 KN.

The maximum equivalent damping ratio is 38% and 44% for 5mm thick specimen in
the first and second test respectively. It should be noted that the falling section of the
equivalent damping ratio curves are not plotted up to final displacement target since

the maximum equivalent damping is important.
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Figure 3.44 : Equivalent damping ratio in terms of displacement for 5mm thick
steel cushions under constant tensile load of N=25 KN.

The maximum equivalent damping ratio is 38% and 39% for 5mm thick specimen in
the first and second test respectively. It should be noted that the falling section of the
equivalent damping ratio curves are not plotted up to final displacement target since

the maximum equivalent damping is important.

The equivalent damping ratio for t=5mm thick steel cushions in two extreme tensile
axial load level of N/Ng=25% and N/Ny=75% are compared in Figure 3.45 to show

the effect of the tensile axial load.
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Figure 3.45 : Comparison of equivalent damping ratio for 5mm thick specimens
under two extreme tensile axial loads.

The tensile axial load has the negative effect as it increases, the maximum equivalent
damping ratio decreases from 53% to 39% in t=5mm thick steel cushions according
to the Figure 3.45. It should be noted that the falling section of the equivalent
damping ratio curves are not plotted up to final displacement target since the

maximum equivalent damping is important.
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The equivalent damping in terms of displacement for t=8mm thick specimen
subjected to constant tensile axial loads of N=25 KN, N=50 KN, and N=75 KN are
displayed at Figure 3.46, 3.47 and Figure 3.48, respectively.
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Figure 3.46 : Equivalent damping ratio in terms of displacement for 8mm thick
steel cushions under constant tensile load of N=25 KN.

The maximum equivalent damping ratio is 37% and 39% for 5mm thick specimen in
the first and second test respectively. It should be noted that the falling section of the
equivalent damping ratio curves are not plotted up to final displacement target since

the maximum equivalent damping is important.
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Figure 3.47 : Equivalent damping ratio in terms of displacement for 8mm thick
steel cushions under constant tensile load of N=50 KN.

The maximum equivalent damping ratio is 39% for 5mm thick specimen in the first

and second test.
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Figure 3.48 : Equivalent damping ratio in terms of displacement for 8mm thick
steel cushions under constant tensile load of N=75 KN.

The maximum equivalent damping ratio is 39% and 41% for 5mm thick specimen in
the first and second test respectively. It should be noted that the falling section of the
equivalent damping ratio curves are not plotted up to final displacement target since

the maximum equivalent damping is important.

The equivalent damping ratio for t=8mm thick steel cushions in two extreme tensile
axial load level of N/No=25% and N/Ny=75% are compared to show the effect of the
tensile axial load in Figure 3.49.
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Figure 3.49 : Comparison of equivalent damping ratio for 8mm thick specimens
under two extreme tensile axial loads.

The tensile axial load has the negative effect as it increases, the maximum equivalent
damping ratio decreases from 46% to 40% in t=8mm thick steel cushions according
to the Figure 3.49. It should be noted that the falling section of the equivalent
damping ratio curves are not plotted up to final displacement target since the

maximum equivalent damping is important.
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The equivalent damping ratio for three distinct thicknesses in two extreme axial
loads of N/Ng=25% and N/Ny=75% are compared in Figure 3.50.

0.7 0.7
o
= 0.6 » =
= 0.5 A_.— = 0.5
E 0.4 B . g 0.4
< <
g 03 ——t=3mm g 03
E 02 ——t=5mm g 02
Z 01 ——=8mm = 01
g o0 g o0
0 50 100 150
Displacement (mm)
N/No=25%

o
] u
|
——t=3mm
—r—t=5mm
_' ——t=8mm
Dis%?acement1 ?r%m) 150
N/No:75%

Figure 3.50 : Comparison of equivalent damping ratio for three distinct
thicknesses under two extreme tensile axial loads.

In the case of N/Ny=25% the equivalent damping ratio increases with increasing

thickness. In the case of N/Ng =75%, as the axial load increases from 25% to 75%

the damping ratios arrangement does not change significantly.

3.2.4 Effective (secant) stiffness

The relationship between the ratio of Kecant 10 Kinitia Versus displacement for three

specific specimens with thickness of t= 3mm, 5mm and 8mm subjected to tensile
axial loads of N/Ny=25%, 50% and 75% are compared in Figure 3.51, 3.52 and
Figure 3.53 respectively this ratio in fact represents the velocity of the stiffness

decadence.
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Figure 3.51 : Comparison of normalized stiffness ratio in terms of displacement for
3mm thick specimen under constant tensile axial loads.
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According to Figure 3.51 the rate of stiffness decrease are independent of axial load

value. Since, in all three states the mentioned rates are nearly identical.
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Figure 3.52 : Comparison of normalized stiffness ratio in terms of displacement for
5mm thick specimen under constant tensile axial loads.

According to Figure 3.52 the rate of stiffness decrease are independent of axial load

value for t=5mm as well. Since, in all three states the mentioned rates are nearly

identical.
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Figure 3.53 : Comparison of normalized stiffness ratio in terms of displacement for
8mm thick specimen under constant tensile axial loads.

In 8mm thick specimen the same logic exists similar to 5mm and 3mm thick

specimens.
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3.3 Evaluation of Experimental Results for Three Specific Specimens under Bi-
Directional Shear + Tension Loading

The experimental results derived from the bi-directional cyclic shear and tensile axial

test for three different specimens are summarized at Table 3.2.

Table 3.2 : Summary of experimental results derived from bi-directional
cyclic shear and tensile axial test.

Axial Load Initial Yield Max Yield Ultimate Ductility
Specimen Ratio stiffness Ko | Force Force Displacement Displacement u
Type N/No KN/mm (KN) (KN) Dy (mm) Du (mm)
25% 0.26 3.97 4.10 15.0 157.71 10.51
25% 0.33 3.44 3.76 10.57 157.47 14.90
g g 50% 0.15 310 | 313 20.91 157.42 753
£8 50% 0.07 070 | 343 10.58 157.58 14.89
g @ 75% 0.26 2.73 3.74 10.61 157.74 14.87
75% 0.18 2.67 3.51 14.96 157.28 10.52
25% 0.51 5.39 10.47 10.51 157.48 14.98
x 25% 0.54 8.01 10.94 14.93 157.56 10.55
;:% g 50% 0.19 5.67 9.40 29.32 152.54 5.20
g ‘g:_ 50% 0.39 4.10 10.0 10.49 157.53 15.02
5 & 75% 0.39 414 9.28 10.58 157.57 14.89
75% 0.33 3.45 10.33 10.50 157.33 15.0
25% 2.09 22.14 33.52 10.57 157.59 14.91
x < 25% 1.39 14.61 35.02 10.51 157.19 14.95
£g 50% 1.33 1411 | 37.75 10.59 157.50 14.88
£ 3 50% 1.28 14.09 | 35.25 11.0 157.44 15.0
% A 75% 1.27 13.34 34.92 10.48 157.43 15.02
75% 1.32 13.95 34.83 10.59 157.43 14.87
3.3.1 Ductility

The trend line of ductility for 3mm, 5mm and 8mm thick specimens under increase
of tensile axial loads from N/Ny=25%, to 75% in bi-directional cyclic shear and axial
test are displayed test in Figure 3.54, 3.55 and Figure 3.56, respectively. The
ductility remains constant for 3mm thick specimen as tensile axial load increases, as

shown in Figure 3.54.
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Figure 3.54 : Ductility trend for 3mm thick specimen under increase of
tensile axial load.
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The ductility increases for 5mm thick specimen under increase of tensile axial load,
as shown in Figure 3.55.
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Figure 3.55 : Ductility trend for 5mm thick specimen under increase of
tensile axial load.

The ductility increases for 8mm thick specimen under increase of tensile axial load,

as shown in Figure 3.56.
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Figure 3.56 : Ductility trend for 8mm thick specimen under increase of
tensile axial load.

3.3.2 Yield force and yield displacement
The vyield force decreases for 8mm thick specimen as tensile axial load increases up

to 50% as shown in Figure 3.57.
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Figure 3.57 : Yield force trend for 8mm thick specimen under increase
of tensile axial load.

The trend line of yield displacement for 3mm, 5mm and 8mm thick specimens under
increase of tensile axial loads from N/Ny=25%, t075% in bi-directional cyclic shear

and axial test are displayed test in Figure 3.58, 3.59 and Figure 3.60, respectively.

The yield displacement remains constant for 3mm thick specimen as tensile axial

load increases, as shown in Figure 3.58.

16
'S ¢
14
€ 12
= 10 L 2 *
E
= 8
3
K] 6
&
o 4
=)
.g 2 = t=3mm N+V Tensile Load
0
0 25 50 75 100
N/N, (%)

Figure 3.58 : Yield displacement trend for 3mm thick specimen under
increase of tensile axial load.

The vyield displacement decreases for 5mm thick specimen under increase of tensile

axial load, as shown in Figure 3.59.
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Figure 3.59 : Yield displacement trend for 5mm thick specimen under
increase of tensile axial load.

The yield displacement decreases for 8mm thick specimen under increase of tensile

axial load, as shown in Figure 3.60.
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Figure 3.60 : Yield displacement trend for 8mm thick specimen under
increase of tensile axial load.

3.3.3 Initial stiffness

The trend line of initial stiffness for 3mm, 5mm and 8mm thick specimens under
increase of tensile axial loads from N/Ny=25%, t075% in bi-directional cyclic shear

and axial test are displayed test in Figure 3.61, 3.62 and Figure 3.63 respectively.

The initial stiffness decreases for 3mm thick specimen under increase of tensile axial

load, as shown in Figure 3.61.
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Figure 3.61 : Initial stiffness trend for 3mm thick specimen under
increase of tensile axial load.

The initial stiffness decreases for 5mm thick specimen under increase of tensile axial

load, as shown in Figure 3.62.
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Figure 3.62 : Initial stiffness trend for 5mm thick specimen under
increase of tensile axial load.

The initial stiffness decreases for 8mm thick specimen under increase of tensile axial

load, as shown in Figure 3.63.
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Figure 3.63 : Initial stiffness trend for 8mm thick specimen under increase of
tensile axial load.

3.3.4 Maximum shear force
The trend line of maximum force for 3mm, 5mm and 8mm thick specimens under

increase of tensile axial loads from N/Ny=25%, t075% in bi-directional cyclic shear

and axial test are displayed test in Figure 3.64, 3.65 and Figure 3.66, respectively.

The maximum force decreases for 3mm thick specimen as tensile axial load

increases, as shown in Figure 3.64.
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Figure 3.64 : Maximum force trend for 3mm thick specimen under increase
of tensile axial load.

The maximum force decreases for 5mm thick specimen under increase of tensile

axial load, as shown in Figure 3.65.
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Figure 3.65 : Maximum force trend for 5mm thick specimen under
increase of tensile axial load.

The maximum force increases for 8mm thick specimen under increase of tensile

axial load, as shown in Figure 3.66.

35.2

35 L

34.8 A
34.6 '/

g 344 —

= /

§ 34.2

2 34

3

g 338
33.6 & ——t=8mm N+V Tensile Load
334

N/N, (%)

Figure 3.66 : Maximum force trend for 8mm thick specimen under
increase of tensile axial load.
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3.4 Experimental Results of Bi-directional Test under Shear + Compression

Loading

In this section, the experimental results obtained from bi-directional cyclic shear and
axial compression tests are discussed. It is worthy to mention that axial compression
forces were constant during the tests. The values of the axial compression forces are
selected based on the proportion of the N/No in which Ng is the axial ultimate

compression strength obtained from the monotonic axial tension tests. The applied

axial loads were 25%, 50% and 75% of N.

3.4.1 Force-Displacement relation

The force-displacement relations which obtained from bi-directional test under shear
and compression loading are presented in Figure 3.67, 3.68 and Figure 3.69 for

t=3mm thick steel cushion subjected to N/No = 25%, N/Ng = 50% and N/Ng = 75 %,

respectively. The corresponding axial load values are 2.5, 7.5 and 10 KN.
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Figure 3.67 : Force-Displacement relation of 3mm thick specimens under
compressive axial load of N/Ny=25%.

The nominal yield strength is about 1.85KN in tension part and 4.19KN in

compression part under the axial load of 2.5 KN. In this level of constant tensile axial

load, the steel cushion behaved asymmetrically. There is no any reduction in the

displacement capacity.
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Figure 3.68 : Force-Displacement relation of 3mm thick specimens under
compressive axial load of N/N0=50%.

The nominal yield strength is about 2.5 KN in tension part and 3.55 KN in
compression part under the axial load of 7.5 KN. In this level of constant tensile axial
load, the steel cushion behaved asymmetrically. There is no any reduction in the

displacement capacity.
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Figure 3.69 : Force-Displacement relation of 3mm thick specimens under
compressive axial load of N/N0=75%.

The nominal yield strength is about 2.53 KN in tension part and 3.52 KN in
compression part under the axial load of 10 KN. In this level of constant tensile axial
load, the steel cushion behaved asymmetrically. There is no any reduction in the
displacement capacity.
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The force-displacement relations t=3mm thick specimen are compared in Figure 3.70
with each other in two extreme states under N= 2.5 KN and N=10.0 KN to show the
effect of compressive axial load in shear capacity. As it is obvious, the nominal yield
strength increases up to 37 % as the axial constant load increases. There is no any

change in capacity.
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Figure 3.70 : Comparison of force-displacement relation for t= 3mm thick
specimens under compressive axial stress.

The force-displacement relations which obtained from bi-directional shear and
compressive axial tests are presented in Figure 3.71, 3.72 and Figure 3.73 for t=5mm
thick steel cushion subjected to N/Ng = 25%, N/No = 50% and N/No = 75 %,

respectively. The corresponding axial load values are 7.5, 15 and 25 KN.
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Figure 3.71 : Force-Displacement relation for 5mm thick specimens under
compressive axial load of N/Ny=25%.

The nominal yield strength is about 9.83 KN in tension part and 10.1 KN in
compression part under the axial load of 7.5 KN. In this level of constant tensile axial
load, the steel cushion behaved asymmetrically. There is no any reduction in the
displacement capacity.
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Figure 3.72 : Force-Displacement relation for 5mm thick specimens under
compressive axial load of N/Ny=50%.

The nominal yield strength is about 9.50 KN in tension part and 11.48 KN in
compression part under the axial load of 15 KN. In this level of constant tensile axial
load, the steel cushion behaved asymmetrically. There is no any reduction in the

displacement capacity.
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Figure 3.73 : Force-Displacement relation for 5mm thick specimens under
compressive axial load of N/Ng=75%.

The nominal yield strength is about 10.43 KN in tension part and 11.14 KN in
compression part under the axial load of 25 KN. In this level of constant tensile axial
load, the steel cushion behaved symmetrically. There is no any reduction in the

displacement capacity.

The force-displacement relations for t=5mm thick specimen are compared in Figure
3.74 with each other in two extreme states under N= 7.5 KN and N= 25 KN to show
the effect of compressive axial load in shear capacity. As it is obvious, the nominal
yield strength increases up to 6 % as the axial constant load increases. There is no

any change in capacity.
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Figure 3.74 : Comparison of force-displacement relation for 5Smm thick specimens
under compressive axial stress.

The force-displacement relations which obtained from bi-directional shear and
compressive axial tests are presented in Figure 3.75, 3.76 and Figure 3.78 for t=8mm
thick steel cushion subjected to N/Np = 25%, N/Ng = 50% and N/Ng = 75 %

respectively. The corresponding axial load values are 25, 50 and 75 KN.
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Figure 3.75 : Force-Displacement relation for 8mm thick specimens under
compressive axial load of N/Ny=25%.

The nominal yield strength is about 34.37 KN in tension part and 33.02 KN in
compression part under the axial load of 25 KN. In this level of constant tensile axial
load, the steel cushion behaved symmetrically. There is no any reduction in the

displacement capacity.
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Figure 3.76 : Comparison of force-displacement relation for 8mm thick specimens
under compressive axial load of N/Ny=50%.

The nominal yield strength is about 43.88 KN in compression part and 42.17 KN in
tension part under the axial load of 50 KN. In this level of constant tensile axial load,
the steel cushion behaved symmetrically. In addition, at the displacement target of

200mm rupture occurred as it is shown in Figure 3.77.

Figure 3.77 : Rupture occurred at the final displacement target in 8mm steel
cushion under tensile axial stress of 50 KN.
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Figure 3.78 : Force-Displacement relation for 8mm thick specimens under
compressive axial load of N/Ng=75%.
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The nominal yield strength is about 51.52 KN in tension part and 52.66 KN in
compression part under the axial load of 75 KN. In this level of constant tensile axial
load, the steel cushion behaved symmetrically. In addition, at the final displacement

target of 200mm rupture occurred as it is shown in Figure 3.79.

Figure 3.79 : Rupture occurred at the final displacement target in 8mm steel cushion
under tensile axial force of 75 KN.

The force-displacement relations for t=8mm thick specimen are compared in Figure
3.80 with each other in two extreme states under N= 25 KN and N= 75 KN to show
the effect of compressive axial load in shear capacity. As it is obvious, the nominal
yield strength increases up to 50% as the axial constant load increases. In addition,

the displacement capacity declines as the compressive axial load increases.
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Figure 3.80 : Comparison of force-displacement relation for 8mm thick specimens
under compressive axial stress.
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The force-displacement relations for steel cushions in three distinct thicknesses
subjected two extreme axial forces are compared in Figure 3.81. According these

Figures as the thickness increases the shear strength increases as well.
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Figure 3.81 : Comparison of force-displacement relation in terms of different
thicknesses under compressive axial load.

3.4.2 Energy dissipation

The cumulative energy in terms of displacement for t=3mm thick specimen subjected
to constant tensile axial loads of N=2.5 KN, N=7.5 KN, and N=10.0 KN are

displayed at Figure 3.82, 3.83 and Figure 3.84 respectively.
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Figure 3.82 : Cumulative energy in terms of displacement for 3mm thick steel
cushions under compressive load of N=2.5 KN.

The cumulative energy capacity is 9356 and 11888 KN.mm for 3mm thick specimen

in the first and second test respectively.
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Figure 3.83 : Cumulative energy in terms of displacement for 3mm thick steel
cushions under compressive load of N=7.5 KN.

The cumulative energy capacity is 12581 KN.mm for 3mm thick specimen in the

first and second test.
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Figure 3.84 : Cumulative energy in terms of displacement for 3mm thick steel
cushions under compressive load of N=10 KN.

The cumulative energy capacity is 9356 and 11888 KN.mm for 3mm thick specimen

in the first and second test respectively.

The cumulative capacity for t=3mm thick steel cushions in two extreme compressive
axial load level of N/No=25% and N/Ny=75% are compared to show the effect of the

tensile axial load in Figure 3.85.
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Figure 3.85 : Comparison of energy dissipation capacity for 3mm thick specimens
under compressive axial stress in two extreme axial loads.

The compressive axial load has the positive effect it increases the cumulative energy

capacity up to 1.62 % for t=3mm thick steel cushions according to the Figure 3.85.

The cumulative energy in terms of displacement for t=5mm thick specimen subjected
to constant tensile axial loads of N=7.5 KN, N=15 KN and N=25 KN are displayed

at Figure 3.86, 3.87, and Figure 3.88 respectively.
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Figure 3.86 : Cumulative energy in terms of displacement for 5mm thick steel

cushions under compressive load of N=7.5 KN.

The cumulative energy capacity is 42484 and 40818 KN.mm for 5mm thick

specimen in the first and second test respectively.
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Figure 3.87 : Cumulative energy in terms of displacement for 5mm thick steel
cushions under ¢ compressive load of N=15 KN.

The cumulative energy capacity is 48516 and 46849 KN.mm for 5mm thick
specimen in the first and second test respectively.
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Figure 3.88 : Cumulative energy in terms of displacement for 5mm thick steel
cushions under compressive load of N=25 KN.

The cumulative energy capacity is 51920 and 48166 KN.mm for 5mm thick
specimen in the first and second test respectively.
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The cumulative capacity for t=5mm thick steel cushions in two extreme compressive

axial load level of N/No=25% and N/Ny=75% are compared to show the effect of the

tensile axial load in Figure 3.89.
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Figure 3.89 : Comparison of energy dissipation capacity for 5mm thick specimens
under compressive axial stress in two extreme axial loads.

The compressive axial load has the positive effect it increases the cumulative energy

capacity up to 22.21 % for t=5mm thick steel cushions according to the Figure 3.89.

The cumulative energy in terms of displacement for t=8mm thick specimen subjected
to constant tensile axial loads of N=25 KN, N=50 KN and N=75 KN are displayed at
Figure 3.90, 3.91, and Figure 3.92 respectively.
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Figure 3.90 : Cumulative energy in terms of displacement for 8mm thick steel
cushions under compressive load of N=25 KN.

The cumulative energy capacity is 156103 and 146695 KN.mm for 8mm thick

specimen in the first and second test respectively.
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Figure 3.91 : Cumulative energy in terms of displacement for 8mm thick steel
cushions under compressive load of N=50 KN.

The cumulative energy capacity is 102765 and 168354 KN.mm for 8mm thick

specimen in the first and second test respectively.
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Figure 3.92 : Cumulative energy in terms of displacement for 8mm thick steel
cushions under compressive load of N=75 KN.

The cumulative energy capacity is 118763 and 199937 KN.mm for 8mm thick

specimen in the first and second test respectively.

The cumulative capacity for t=8mm thick steel cushions in two extreme compressive
axial load level of N/Ng=25% and N/Ny=75% are compared to show the effect of the
tensile axial load in Figure 3.93.
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Figure 3.93 : Comparison of energy dissipation capacity for t= 8mm thick
specimens under two extreme axial loads.

The compressive axial load has the positive effect it increases the cumulative energy
capacity up to 28.08% for t=8mm thick steel cushions according to Figure 3.93.
3.4.3 Equivalent viscous damping

The equivalent damping in terms of displacement for t=3mm thick specimen
subjected to constant compressive axial loads of N=2.5 KN, N=7.5 KN and N=10
KN are displayed at Figure 3.94, 3.95 and Figure 3.96, respectively.
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Figure 3.94 : Equivalent damping ratio in terms of displacement for 3mm thick
steel cushions under compressive load of N=2.5 KN.

The maximum equivalent damping ratio is 34% and 53% for 3mm thick specimen in
the first and second test respectively. It should be noted that the falling section of the

equivalent damping ratio curves are not plotted up to ultimate displacement target.
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Figure 3.95 : Equivalent damping ratio in terms of displacement for 3mm thick
steel cushions under compressive load of N=7.5KN.

The maximum equivalent damping ratio is 57% and 55% for 3mm thick specimen in

the first and second test respectively.

0.9

0.7 o
0.6 -

05 s / —

0.4 wd

03 I’ /

8i 4 —— N=10 KN 1st Test
ol D N= 10 KN 2nd Test

0 50 100 150 200
Displacement (mm)

Equivalent Damping Ratio
\

N/No=75%

Figure 3.96 : Equivalent damping ratio in terms of displacement for 3mm thick
steel cushions under compressive load of N=10 KN.

The maximum equivalent damping ratio is 57% and 85% for 3mm thick specimen in
the first and second test respectively. It should be noted that the falling section of the
equivalent damping ratio curves are not plotted up to final displacement target since

the maximum equivalent damping is important.

The equivalent damping ratio for t=3mm thick steel cushions in two extreme
compressive axial load level of N/No=25% and N/Ny=75% are compared to show the

effect of the tensile axial load in Figure 3.97.
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Figure 3.97 : Comparison of equivalent damping ratio for 3mm thick specimens

under two extreme compressive axial loads.

The compressive axial load has the positive effect as it increases up to 50% the

equivalent damping ratio increases as well from 34% to 57% in t=3mm thick steel

cushions according to the Figure 3.97.

The equivalent damping in terms of displacement for t=5mm thick specimen
subjected to constant compressive axial loads of N=7.5 KN, N=15 KN, and N=25KN

are displayed at Figure 3.98, 3.99 and Figure 3.100, respectively.
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Figure 3.98 : Equivalent damping ratio in terms of displacement for 5Smm thick

steel cushions under compressive load of N=7.5 KN.

The maximum equivalent damping ratio is 52% and 55% for 5mm thick specimen in

the first and second test respectively.
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Figure 3.99 : Equivalent damping ratio in terms of displacement for 5mm thick
steel cushions under compressive load of N=15 KN.

The maximum equivalent damping ratio is 59% and 55% for 5mm thick specimen in

the first and second test respectively.
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Figure 3.100 : Equivalent damping ratio in terms of displacement for 5Smm thick
steel cushions under compressive load of N=25 KN.

The maximum equivalent damping ratio is 59% and 54% for 5mm thick specimen in

the first and second test respectively.

The equivalent damping ratio for t=bmm thick steel cushions in two extreme
compressive axial load level of N/No=25% and N/Ny=75% are compared to show the

effect of the tensile axial load in Figure 3.101.
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Figure 3.101 : Comparison of equivalent damping ratio for 5mm thick specimens
under two extreme compressive axial loads.

The compressive axial load has the positive effect as it increases up to 50% the
equivalent damping ratio increases as well from 52% to 59% in t=5mm thick steel

cushions according to the Figure 3.101.

The equivalent damping in terms of displacement for t=8mm thick specimen
subjected to constant compressive axial loads of N=25 KN, N=50 KN, and N=75 KN
are displayed at Figure 3.102, 3.103 and Figure 3.104, respectively.
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Figure 3.102 : Equivalent damping ratio in terms of displacement for 8mm thick
steel cushions under compressive load of N=25 KN.

The maximum equivalent damping ratio is 49% and 47% for 8mm thick specimen in

the first and second test respectively.
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Figure 3.103 : Equivalent damping ratio in terms of displacement for 8mm thick
steel cushions under compressive load of N=50 KN.

The maximum equivalent damping ratio is 53% and 56% for 8mm thick specimen in

the first and second test respectively.
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Figure 3.104 : Equivalent damping ratio in terms of displacement for 8mm thick
steel cushions under compressive load of N=75 KN.

The maximum equivalent damping ratio is 55% for 8mm thick specimen in the first

and second test.

The equivalent damping ratio for t=8mm thick steel cushions in two extreme
compressive axial load level of N/No=25% and N/Ny=75% are compared to show the

effect of the tensile axial load in Figure 3.105.
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Figure 3.105 : Comparison of equivalent damping ratio for 8mm thick specimens
under two extreme compressive axial loads.

The compressive axial load has the positive effect as it increases up to 50%, the

maximum equivalent damping ratio increases as well from 50% to 55% in t=8mm

thick steel cushions according to Figure 3.105.

The equivalent damping ratio for three distinct thicknesses in two extreme axial
loads of N/Ny=25% and N/Ny=75% are compared in Figure 3.106.
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Figure 3.106 : Comparison of equivalent damping ratio for three distinct

thicknesses under two extreme compressive axial loads.

In the case of N/Ny=25% the maximum equivalent damping ratio increases with

increasing thickness although 5mm thick specimen damping ratio after the

displacement of 52mm is higher than 8mm thick specimen. In the case of

N/No =75%, as the axial load increases up to 50% the damping ratios of 3mm thick

specimen is the least ratio up to displacement of 50 mm after this value 3mm thick

specimens damping ratio is the largest value.

106



3.4.4 Effective (secant) stiffness

The relationship between the ratio of Keecant t0 Kinitial Versus displacement for three
specific specimens with thickness of t= 3mm, 5mm and t= 8mm subjected to
compressive axial loads of N/Ny=25%, 50% and 75% are compared in Figure 3.107,
3.108 and Figure 3.109 respectively this ratio in fact represents the velocity of the

stiffness decaying.
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Figure 3.107 : Comparison of normalized stiffness ratio in terms of displacement for
3mm thick specimen under compressive axial loads.

According to Figure 3.107 the rate of stiffness decrease are independent of axial load

value. Since, in all three states the mentioned rates are nearly identical.
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Figure 3.108 : Comparison of normalized stiffness ratio in terms of displacement for
5mm thick specimen under compressive axial loads.

According to Figure 3.108 the rate of stiffness decrease are independent of axial load

value. Since, in all three states the mentioned rates are nearly identical.
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Figure 3.109 : Comparison of normalized stiffness ratio in terms of displacement for
8mm thick specimen under compressive axial loads.

In 8mm, thick specimen the same logic exists similar to 5mm and 3mm thick
specimens. It seems that in the case of compressive axial force at the one
displacement point the stiffness decadent rate for specimens are different while this

case does not exist in specimens under tensile axial load.

3.5 Evaluation of Experimental Results for Three Specific Specimens under Bi-

Directional Shear + Compression Loading

The experimental results derived from the bi-directional cyclic shear and
compressive axial test for three different specimens are summarized at Table 3.3.

Table 3.3 : Summary of experimental results derived from bi-directional cyclic
shear and compressive axial test for.

Specimen Axial Load Initial Yield Max Yield Ultimate Ductility
Type Ratio stiffness Ko Force Force Displacement Displacement v
N/NO KN/mm (KN) (KN) Dy (mm) Du (mm)
25% 0.07 0.72 3.62 10.60 157.59 14.86
25% 0.20 2.14 457 10.58 157.53 14.89
-E E 50% 0.23 3.47 3.87 14.97 157.43 10.52
E g 50% 0.28 2.93 4.18 10.49 157.72 15.04
hd 75% 0.22 3.25 3.80 14.99 157.65 10.52
75% 0.15 1.6 4.48 10.49 157.49 15.02
25% 0.83 8.83 11.36 10.59 157.46 14.86
§ S 25% 0.58 8.64 10.82 14.90 157.55 10.58
g % 50% 1.0 10.66 12.10 10.57 157.48 14.90
L% & 75% 0.90 9.58 13.0 10.60 157.69 14.87
75% 0.85 8.95 11.50 10.49 157.66 15.03
25% 2.20 32.94 37.80 14.99 157.61 10.51
< 25% 3.13 32.91 37.73 10.51 157.54 14.99
E g 50% 331 34.96 48.74 10.57 112.56 10.65
£ 8 50% 2.86 300 | 3891 10.49 157.39 15.0
s & 75% 2.26 23.91 56.87 10.58 112.58 10.64
75% 2.96 31.13 45.26 10.50 157.34 14.99
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3.5.1 Ductility

The trend of ductility for 3mm, 5mm and 8mm thick specimens under increase of
compressive axial loads from N/Ny=25%, to 75% in bi-directional cyclic shear and
axial test are displayed test in Figure 3.110, 3.111 and Figure 3.112, respectively.
The ductility decreases for 3mm thick specimen as compressive axial load decreases,

as shown in Figure 3.110.
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Figure 3.110 : Ductility trend for 3mm thick specimen under increase of
compressive axial load.

The ductility increases for 5mm thick specimen as compressive axial load increases,

as shown in Figure 3.111.
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Figure 3.111 : Ductility trend for 5mm thick specimen under increase of
compressive axial load.

The ductility remains constant for 8mm thick specimen as compressive axial load

increases, as shown in Figure 3.112.
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Figure 3.112 : Ductility trend for 8mm thick specimen under increase of
compressive axial load.

3.5.2 Yield force and yield displacement

The trend line of yield force for 3mm, 5mm and 8mm thick specimens under increase
of compressive axial loads from N/Ny=25% t075% in bi-directional cyclic shear and

axial test are displayed test in Figure 3.113, 3.114 and Figure 3.115 respectively.

The yield force increases for 3mm thick specimen as compressive axial load
increases, as shown in the Figure 3.113.
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Figure 3.113 : Yield force trend for 3mm thick specimen under increase of
compressive axial load.
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The yield force increases for 5mm thick specimen as compressive axial load
increases, as shown in Figure 3.114.
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Figure 3.114 : Yield force trend for 5mm thick specimen under increase of
compressive axial load.

The vyield force decreases for 8mm thick specimen as compressive axial load
increases, as shown in Figure 3.115.
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Figure 3.115 : Yield force trend for 8mm thick specimen under increase of
tensile axial load.

The trend line of yield displacement for 3mm, 5mm and 8mm thick specimens under
increase of compressive axial loads from N/N0=25%, to75% in bi-directional cyclic
shear and axial test are displayed test in Figure 3.116, 3.117 and Figure 3.118
respectively. The yield displacement increases for 3mm thick specimen as
compressive axial load increases, as shown in Figure 3.116.
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Figure 3.116 : Yield displacement trend for 3mm thick specimen under
increase of compressive axial load.

The yield displacement decreases for 5mm thick specimen as compressive axial load
increases, as shown in Figure 3.117.
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Figure 3.117 : Yield displacement trend for 5mm thick specimen under
increase of compressive axial load.

The yield displacement decreases for 8mm thick specimen as compressive axial load

increases, as shown in Figure 3.118.
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Figure 3.118 : Yield displacement trend for 8mm thick specimen under
increase of compressive axial load.
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3.5.3 Initial stiffness

The trend line of initial stiffness for 3mm, 5Smm and 8mm thick specimens under
increase of compressive axial loads from N/Ny=25% to75% in bi-directional cyclic
shear and axial test are displayed test in Figure 3.119, 3.120 and Figure 3.121,
respectively. The initial stiffness increases for 3mm thick specimen as compressive

axial load increases, as shown in Figure 3.119.

0.25 +
;
/4
0.15 —

€
E
p=d
<
¥ o1
®
0.05
= tz3mm N+V Corqlpressive Load
0
0 25 50 75 100

N/N, (%)

Figure 3.119 : Initial stiffness trend for 3mm thick specimen under increase of
compressive axial load.

The initial stiffness increases for 5mm thick specimen as compressive axial load

increases, as shown in Figure 3.120.
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Figure 3.120 : Initial stiffness trend for 5mm thick specimen under increase of
compressive axial load.
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The initial stiffness remains constant for 8mm thick specimen as compressive axial

load increases, as shown in Figure 3.121.
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Figure 3.121 : Initial stiffness trend for 8mm thick specimen under
increase of compressive axial load.

3.5.4 Maximum shear force

The trend line of maximum force for 3mm, 5mm and 8mm thick specimens under
increase of compressive axial loads from N/Ny=25% to75% in bi-directional cyclic
shear and axial test are displayed test in Figure 3.122, 3.123 and Figure 3.124
respectively. The maximum force remains constant for 3mm thick specimen as

compressive axial load increases, as shown in Figure 3.122.
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Figure 3.122 : Maximum force trend for 3mm thick specimen under increase
of compressive axial load.
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The maximum force increases for 5mm thick specimen as compressive axial load

increases, as shown in Figure 3.123.
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Figure 3.123 : Maximum force trend for 5mm thick specimen under increase of
compressive axial load.

The maximum force increases for 8mm thick specimen as compressive axial load

increases, as shown in Figure 3.124.
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Figure 3.124 : Maximum force trend for 8mm thick specimen under increase of
compressive axial load.
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3.6 Interaction Diagrams

The relation between axial force and maximum shear force for three distinct
specimens are plotted in Figure 3.125. The enclosed area of the interaction diagram
for the steel cushion with higher thickness is bigger. The interaction diagrams are
formed by trend lines. It should be noted that the axial load in the positive part of y-

axis is tensile load and the axial load in negative part of y-axis is compressive load.
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Figure 3.125 : Interaction diagram for three distinct specimens.

According to interaction diagrams, the compressive axial load increases the
maximum shear force; in contrast, the tensile axial load decreases the maximum
shear force. Depending on interaction curves, it seems that there is an optimum band
width in which the steel cushions have the reasonable shear capacity .This band

width may be proposed as +/- 25% of the maximum axial load capacity.
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4. CYCLIC TEST OF CLADDING PANELS EQUIPPED WITH STEEL
CUSHIONS (SYSTEM TESTS)

In this chapter the cyclic test of cladding panels equipped with steel cushions are
discussed. This chapter divided into two sections. In the first section, the
experimental results of each system test are presented and discussed. In the second
section, the experimental results of each system test are compared with each other.

4.1 Introduction

A total number of four system tests were carried out to evaluate the flexural
deformation capacity of the steel cushions and obtain the optimum arrangement of
the steel cushions among concrete cladding panels. Since the steel cushions are great
deal source of energy dissipation under wind and earthquake, the main part of input
energy dissipated by these devices and no significant damage exists in other
structural elements such as columns and concrete cladding panels during the
excitation. The main parameters of the tests were the thickness and arrangement of
steel specimens. There were two kinds of test performed named single steel cushion
and double steel cushion tests. The single and double terms indicate the number of
steel cushions at the base as the support for concrete cladding panels as shown in
Figure 4.1.
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Figure 4.1 : Double and single cushion tests
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4.2 System Test Set-Up

The system tests performed to investigate the behavior of steel cushions in the
claddings of industrial buildings. The test set up consisted of RC cladding panels
and fully pinned swaying steel frame to transfer the lateral load to RC walls,
equipped with steel cushions in different location as connector, such as in panel to
support, in panel to panel and in panel to beam connections. The steel cushions were
assembled through the bolting to structural element such as panels, foundation and
the top beam. The dimensions of the test set-up are shown for single cushion and

double cushion test types in Figure 4.2 and 4.3 respectively.
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Schematic drawing of test set-up

Figure 4.2 : Typical dimension of single cushion test set-up.
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Figure 4.3 : Typical dimension of double cushion test set-up.

Due to zero lateral stiffness and strength of loading steel frame, which is caused by
its own mechanism condition, the steel channel bracings are used for security and
they are removed before the test. The steel bracings are shown in Figure 4.4. Two
identical panel systems used at both sides of the actuator axis, to arise symmetry for
test set-up for elimination of any out of plane forces, for sake of eccentricity of

actuator with respect to panels as shown in Figure 4.5.
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General view of test set-up

Figure 4.4 : Steel bracing in the loading frame.
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Top view of test set-up

Figure 4.5 : Two pairs of concrete panel at two sides.

The horizontal actuator located at tip of the specimen directly applied the drift based
cyclic loading pattern. The upper steel beam of the testing frame was fixed to the
swivel head of the actuator in order to apply the loading protocol as shown in Figure
4.6. To avoid the out of plane movement of loading frame, two truss systems utilized

per side as shown in Figure 4.7.
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Figure 4.6 : Loading actuator.
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Figure 4.7 : Truss system used for possible out of plane movements.

The dimension of the concrete cladding panels and the location of panel to support,
panel to panel and panel to beam steel cushions, are dimensioned in Figure 4.8. In
addition, the concrete panels are designed according to the design specification of the
concrete cladding panels in industrial buildings (TS 9967, 1992). The reinforcement
steel details in cladding panels are shown in Figure 4.9 and 4.10.

SECTION A-A

Schematic drawing of concrete cladding panels

Figure 4.8 : Typical dimension of concrete cladding panels.
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Figure 4.9 : Reinforcement details in concrete panel.
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Figure 4.10 : Reinforcement details in concrete panel.
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4.3 System Test Loading Protocol

The testing protocols selected in accordance with the recommendations placed in

FEMA 461, which actually based on the expected maximum drift ratios. The target

displacements derived by multiplying the “ai/al0” ratios to targeted maximum
deformation amplitude of the loading history (Am), (FEMA 461, 2007). The ratios to

determine target displacement amplitudes defined in Table 4.1. Ten diverse

amplitude levels exist in the table. Two full cycles applied for each displacement

target.

Table 4.1 : Relative loading history deformation amplitude, (FEMA 461, 2007).

step

1

2

3

4

5

6

7

8

9

10

1

12

13

ai/al0

0.018

0.025

0.035

0.048

0.068

0.095

0.133

0.186

0.26

0.364

0.51

0.714

1.0

The above table has been taken into account for creating loading protocol with

assuming Am is equal to 30 cm. The displacement protocol is illustrated in Figure

4.11.
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Figure 4.11 : Drift based cyclic loading protocol.

The maximum displacement target was 30 cm, but the cyclic loading protocol can be

applied up to 21.5 cm, because of contact of the cladding panels to out of plane

restrainers. The values of cyclic displacement protocol are shown in Table 4.2.

Table 4.2 : Displacement target values.

Cycle

3

4

5

6

7

8

9

11

12

Displacement
target (mm)

5.40

7.55

10.58

14.29

20.95

28.28

40.64

55.75

78.98

109.64

154.64

215.35
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4.4 System Test I (Single Cushion Test)

The system test | was single cushion test. 8 mm cushions were used as panel to
support connection (one cushion per panel); 5mm steel devices in panel-to-panel
connection and, 8mm ones in panel to beam connection were utilized. Totally, four
8mm, two 5mm, and four 8 mm at the bottom, in the middle, and on the top level
were used respectively. This arrangement is shown at Figure 4.12.

TESTI

t=8mm

t=5mm

t=8mm

Figure 4.12 : Arrangements of steel cushions in system test I.

For evaluation of steel cushions yielding, the used strain gauge locations were as
follows. At the base to panel connection, the strain gages were located at two vertices
of 8mm steel cushions. In panel to panel connection, the location of strain gages
were at the bottom, in the middle, and on the top side of steel cushions, to assess
strain history of steel cushions in axial and shearing direction. Eventually, in panel to
beam connection, the strain gages were located at two vertices of steel cushions, to
evaluate the strain history in shearing direction, plus in the middle of steel cushion
next to panels in one side, and next to beam in another side to investigate the strain

history in axial direction. The location of strain gages are shown in Figure 4.13.

* » . o .
N + I | \ N\ :*£
Base to panel Panel to panel Beam to panel connection
connection connection

Figure 4.13 : Location of strain assessment devices in system test I.
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Transducers and their locations are illustrated in Figure 4.14 and 4.15. In this test, to
measure the out of plane movement, transducers were utilized on the top parts of

panel 3 and panel 4.
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Figure 4.14 : Location of transducers in side 1 in system test |.
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Figure 4.15 : Location of transducers in side 2 in system test |.
4.4.1 Evaluation of experimental results obtained from system test |
In this section, the experimental results are presented and discussed.
4.4.1.1 Actuator force-top displacement relation

The experimental actuator force in terms of displacement and drift derived from the

system Test | are shown in Figure 4.16 and 4.17.
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Figure 4.16 : Force-Top displacement Relation obtained from system test I.
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Figure 4.17 : Force-Drift angle curve obtained from system test I.

The experimental results obtained from system test | are summarized in Table 4.3.
The force — drift angle relation of Figure 4.17 shows a stable hysteresis behavior.
Any damages were not observed on steel cushions and cladding panels. The cladding
panels remain in the elastic range and the steel devices showed the inelastic behavior.
The increase of strength is observed after 1.16% drift angle at load vs. drift curve in

other word after the yield drift the strength increases as the drift increases.

Table 4.3 : Summary of test results obtained from system test I.

Yielding Force (KN) Max Force (KN) Yielding Drift (%) Max Drift (%)
6.1 11.58 1.16 8.84

4.4.1.2 Energy dissipation

The dissipated energy is measured by the area encased by load-drift angle.
Cumulative dissipative energy hysteresis curve vs. the drift angle is presented in

Figure 4.18. As the dissipative devices in panel-to-panel connection had the
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maximum shear deformation, thus they had the biggest contribution in dissipative
energy, the devices yielded after 1.16% drift angle. The device dissipated
approximately 354 KN.mm energy at the drift angle less than 1.16%, when the
devices started to yield. At the drift angle lower than 1.16%, the energy has been
dissipated by the visco-elastic behavior of steel devices. At the drift angle larger than
1.16% the dissipative energy increased considerably due to yielding of the energy
dissipative devices. The device dissipated the maximum dissipative energy amount
of 23102 KN.mm at the maximum drift angle of 8.8%.
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Figure 4.18 : Cumulative energy vs. drift curve obtained from system test I.

4.4.1.3 Equivalent viscous damping

According to Figure 4.19, the equivalent damping ratio increases with increase of
drift angle of system. Particularly between the drift angle of 1.16% and 1.67%, there
is significant increase for the sake of dissipative devices’ yielding at panel-to-panel
connection. In addition, the equivalent damping reaches to the maximum value of
30%.
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Figure 4.19 : Equivalent damping ratio vs. drift curve obtained from system test I.
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4.4.1.4 Effective (secant) stiffness

The system possess the initial stiffness amount of 0.31 KN/mm at the drift angle of
0.22%, as the drift angle increases the secant stiffness declines and reaches to the
value of 0.0507 KN/mm at the maximum drift angle, this shows approximately 84%

reduction. The secant stiffness vs. drift relation is displayed in Figure 4.20.
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Figure 4.20 : Secant stiffness vs. drift relation obtained from system test I.
4.4.1.5 Relative vertical displacement of panel to panel steel cushions

The actuator force vs. relative displacement and drift relations for steel cushion in
panel 1 to panel 2 connections are presented in Figure 4.21. The steel cushion in
panel 1 to panel 2 connection is denoted by S12. The maximum relative
displacements of S12 is 90.26 mm at the actuator force of 11.58 KN.
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Figure 4.21 : Actuator force vs. relative displacement relation for steel cushion in
panel 1 to panel 2 connection obtained from system test I.
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The strain gauges locations on the specimens in panel-to-panel connections are

shown in Figure 4.22.

Inner Top —

Figure 4.22 : Strain gauges location on steel cushions in panel-to-panel
connection obtained from system test |.

The specimen yields at the drift angle of 1.16%. Location of the first yielding is the
beginning of the arc section of specimen (inner top). The strain vs. drift angle

relation for inner top point is presented in Figure 4.23.
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Figure 4.23 : Strain vs. drift angle relation for steel cushion in panel 1 to panel 2
connection obtained from system test I.

The actuator force vs. relative displacement and drift relations for steel cushion in
panel 3 to panel 4 connection is presented in Figure 4.24. The steel cushion in panel
3 to panel 4 connection is denoted by S34, The maximum relative displacements of
S34 is 87.66 mm at the actuator force of 11.58 KN.
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Figure 4.24 : Actuator force vs. relative displacement relation for steel cushion in
panel 3 to panel 4 connection obtained from system test I.

The specimen yields at the drift angle of 1.16%. Location of the first yielding is the
beginning of the arc section of specimen (inner top). The strain vs. drift angle

relation for inner top point is presented in Figure 4.25.
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Figure 4.25 : Strain vs. drift angle relation for steel cushion in panel 3 to panel 4
connection obtained from system test I.

Two cushions between two adjacent panels behaved nearly symmetrically the
actuator force vs. relative displacement relation for two steel devices are compared in
Figure 4.26.
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Figure 4.26 : Comparison of actuator force vs. relative displacement of S12 and
S34 obtained from system test I.
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4.4.1.6 Relative horizontal displacement of panel to support steel cushions

To examine the shear displacement of steel cushion beneath panel 1, the actuator
force vs. relative displacement relation is presented in Figure 4.27. This steel cushion
is denoted by S1. The maximum relative displacement for S1 is 13.45 mm at the
actuator force of 11.22 KN. However as the transducer was installed at level of 20
cm from the panel base, the steel device horizontal displacement is smaller than this
value. In fact, the recorded horizontal tip displacement is formed by combination of
the panel rotation and horizontal displacement of steel cushions although;
contribution of rotation is more than horizontal displacement of steel cushions. In

addition, the behavior is asymmetric.

Actuator Force (KN)

-15 10 5 0 5 10 15
Relative Horizontal Displacement (mm) | % e

Actuator force-relative displacement Rotation of the panel 1

Figure 4.27 : Actuator force vs. relative displacement relation for steel cushion
beneath panel 1 obtained from system test I.

According to Figure 4.27, the panel 1 rotated which forced the steel cushion to rotate.
The strain gauges locations for the support steel devices are shown in Figure 4.28.
According to the strain history, the steel device did not yield i.e. the steel cushion

remained in elastic range.

L

N/

Figure 4.28 : Strain gauge location steel cushions in panel to support connection
obtained from system test I.
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The actuator force vs. relative displacement relation is presented in Figure 4.29 this
steel cushion is denoted by S2. The maximum relative displacement for S2 is 6.6 mm
at the actuator force of 8.33 KN. However as the transducer was installed at level of
20 cm from the panel base, the steel device horizontal displacement is smaller than
this value. In fact, the recorded horizontal displacement is formed by combination of
the panel base rotation and horizontal displacement of steel cushions although;
contribution of rotation is more than horizontal displacement of steel cushions. In
addition, the behavior is asymmetric. It should be noted that the relevant transducer

was removed after the 6.6mm for the sake of insufficient capacity.
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Figure 4.29 : Actuator force vs. relative displacement relation for steel cushion
beneath panel 2 obtained from system test I.

According to Figure 4.29, the panel 2 rotated which forced the steel cushion to rotate.
According to the strain gauges history, the steel device did not yield i.e. the steel

cushion remained in elastic range.

The actuator force vs. relative displacement relation is presented in Figure 4.30. This
steel cushion is denoted by S3. The maximum relative displacement for S3 is 10.99
mm at the actuator force of 9.94 KN. However as the transducer was installed at
level of 20 cm from the panel base, the steel device horizontal displacement is
smaller than this value. In fact, the recorded horizontal displacement is formed by
combination of the panel rotation and horizontal displacement of steel cushions
although contribution of rotation is more than horizontal displacement of steel

cushions. In addition, the behavior is asymmetric.
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Figure 4.30 : Actuator force vs. relative displacement relation for steel cushion
beneath panel 3 obtained from system test I.

According to Figure 4.30, the panel 3 rotated which forced the steel cushion to rotate.

According to the strain gauges history, the steel device did not yield i.e. the steel

cushion remained in elastic range.

The actuator force vs. relative displacement relation is presented in Figure 4.31. This

steel cushion is denoted by S4. The maximum relative displacement for S4 is 13.49

mm at the actuator force of 11.24 KN. However as the transducer was installed at

level of 20 cm from the panel base, the steel device horizontal displacement is

smaller than this value. In fact, the recorded horizontal displacement is formed by

combination of the panel rotation and horizontal displacement of steel cushions

although contribution of rotation is more than horizontal displacement of steel

cushions. In addition, the behavior is asymmetric.
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Figure 4.31 : Actuator force vs. relative displacement relation for steel cushion
beneath panel 4 obtained from system test I.
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According to Figure 4.31, the panel 4 rotation caused the rotation of steel cushion.
According to the strain gauges history, the steel device did not yield i.e. the steel

cushion remained in elastic range.

To investigate whether the steel cushions beneath two symmetric panels, behaved
symmetrically or not, actuator force-relative horizontal displacement relations for S1
and S4 are compared in Figure 4.32. According to this Figure the panel 1 and panel 4
behaved asymmetrically as a result the S1 and S4 represented the asymmetrical
behavior. It should be mentioned that the transducer that measured the panel 4
horizontal displacement was removed at the last displacement targets because of
insufficient capacity. Therefore, it could not be able to record some data.
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Figure 4.32 : Comparison of actuator force-relative displacement relation for S1
and S4 obtained from system test |.

According to Figure 4.33 the panel 2 and panel 3 behaved asymmetrically as a result
the S2 and S3 represented the asymmetrical behavior. It should be mentioned that the
transducer, which measured the panel 2 horizontal displacement, was removed at the
last displacement targets because of insufficient capacity. Therefore, it could not be
able to record some data.
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Figure 4.33 : Comparison of actuator force-relative displacement relation for S2
and S3 obtained from system test I.
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4.4.1.7 Relative horizontal displacement of panel to beam steel cushions

To investigate the behavior of steel cushion in panel 1 to beam connection, the
actuator force vs. relative displacement of steel cushion relation are presented in
Figure 4.34. This steel cushion is denoted by S1*. The maximum relative
displacement between panel 2 and beam is 11.46 mm at the actuator force of 10.38
KN. According to the strain history relevant to this steel device, yielding is not
observed, which indicate the steel device horizontal displacement must be less than
100mm, while the relative displacement between panel 1 and beam is 11.46 mm so
this is caused by the rotation of the panel and it does not represent the steel device
real horizontal displacement.
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Figure 4.34 : Relation of the actuator force vs. relative displacement between panel
1 and beam obtained from system test I.

To investigate the behavior of steel cushion in panel 2 to beam connection, the
actuator force vs. relative displacement of steel cushion relation are presented in
Figure 4.35. This steel cushion is denoted by S2*. The maximum relative
displacement between panel 2 and beam is 31.94 mm at the actuator force of 10.35
KN. According to the strain history relevant to this steel device it does not yield,
which indicate the steel device horizontal displacement must be less than 100mm,
while the relative displacement between panel 1 and beam is 31.94 mm this is caused
by the rotation of the panel and it doesn’t represent the steel device real horizontal

displacement.
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Figure 4.35 : Relation of the actuator force vs. relative displacement between panel
1 and beam obtained from system test I.

The steel device in panel 3 to beam connection is denoted by S3*. According to the
Figure 4.36, S3* horizontal displacement was so small and yielding S3* did not
yield, in fact the panel 3 rotated easily and S3* acted such a hinge connection. In

addition at the last displacement targets S3* twisted around the connected bolt.

Final displacement
target

Figure 4.36 : Top view of S3* at final displacement target obtained
from system test I.

The steel device in panel 4 to beam connection is denoted by S4*. According to the
Figure 4.37, S4* horizontal displacement was so small and S4* did not yield, in fact
the panel 4 rotated easily and S4* acted such a hinge connection. In addition at the
last displacement targets S4* twisted around the connected bolt.

Top view of 84* Final displacement target

Figure 4.37 : Top view of S4* at final displacement target obtained
from system test I.
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The strain gauges locations on the steel cushion in panel to beam connection are
shown in Figure 4.38.

Figure 4.38 : Strain gauge location of steel devices in panel to beam connection
obtained from system test I.

4.4.1.8 Cladding panels rotation

The rotation of each panel is calculated by the help of two transducers installed at the
end part of each panel according to Figure 4.39. The rotation can be calculated from
the Equation (4.1).
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Figure 4.39 : Cladding panels rotation.
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The rotation of panel 3 and 4 in terms of step numbers are illustrated in Figure 4.40

S

and 4.41 respectively. The maximum rotation of panel 3 and panel 4 is 0.0821 rad

and 0.0872 rad, respectively.
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Figure 4.40 : Rotation in terms of step numbers for panel 3
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Figure 4.41 : Rotation in terms of step numbers for panel 4

4.4.1.9 Total behavior of panels

Top view of test set-up
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The cladding panels twisted around the axis parallel to height of the panel. The

deformed shape of panels at the end of test is illustrated in Figure 4.42.

Figure 4.42 : Deformed shape of cladding panels obtained from system test I.



To investigate the amount of out of plane displacement, the out of plane
displacement of panel 3 and panel 4 vs. actuator displacement curve are presented in
Figure 4.43 and 4.44. According to Figure 4.43, the amount of out of plane

displacement of panel 3 is small enough.
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Figure 4.43 : Out of plane displacement of panel 3 in terms of in plane
displacement obtained from system test I.

According to Figure 4.44 the amount of out of plane displacement of panel 4 is few
as well, However the out of plane displacement for panel 4 is greater than
corresponding value for panel 3.
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Figure 4.44 : Out of plane displacement of panel 4 in terms of in plane
displacement obtained from system test I.
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4.5 System Test Il (Double Cushion Test)

Two steel cushions are used at the bottom of each cladding. 3mm steel cushions are
assembled in base to panel connection, 8mm ones in the beam to panel connection,
besides 5mm steel device assembled in panel to panel connection. Therefore, 8
pieces of 3mm, 2 pieces of Smm and four pieces of 8 mm steel cushions are used at

the base, in the middle,

shown in Figure 4.45.

and on the top level, respectively. This arrangement is

TEST I

t=8mm

t=5mm

t=3mm

Figure 4.45 : Arrangements of steel cushions in system test II.

Location of strain gauges in panel to support, panel to panel and panel to beam

connections, are illustrated in Figure 4.46.
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Panel to support
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Panel to panel
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Panel to beam connection

Figure 4.46 : Location of strain assessment devices in system test I1.
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Transducers and their locations are illustrated in Figures 4.47 and 4.48.
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Figure 4.47 : Location of transducers in side 1 in system test Il.
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Figure 4.48 : Location of transducers in side 2 in system test II.
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4.5.1 Evaluation of experimental results obtained from system test Il
In this part, the experimental results of system test 11 are presented and discussed.

4.5.1.1 Actuator force-top displacement relation

The experimental actuator force in terms of displacement and drift derived from
system test Il are shown in Figures 4.49 and 4.50.
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Figure 4.49 : Force-Top displacement relation obtained from system test I1.
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Figure 4.50 : Force-Drift angle curve obtained from system test II.

The experimental results obtained from system test Il are summarized in Table 4.4.
The force—drift angle relation of Figure 4.50 shows a stable and symmetric hysteresis
behavior. Any damages were not observed on steel cushions and cladding panels.

Table 4.4 : Summary of test results obtained from system test II.

Yielding Force (KN) Max Force (KN) Yielding Drift (%) Max Drift (%)
7.27 10.80 1.67 8.64
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4.5.1.2 Energy dissipation

Cumulative dissipative energy hysteresis curve vs. the drift angle is presented in
Figure 4.51. Except the panel to beam connection steel device, the steel devices in
panel to panel and panel to support connections yielded, therefore they contributed
in the cumulative dissipative energy and equivalent damping. The steel devices in
panel-to-panel connection had the most contribution in cumulative energy and
equivalent damping. According to Figure 4.51 after the yield drift of 1.67% there is a
sharp increase with respect to the previous drifts. The cumulative energy at the
yielding drift is 1517 KN.mm. After the yielding with increase of drift, the
cumulative energy increases significantly, so that at the maximum drift of 8.64 the

cumulative energy equals to 22846 KN.mm.
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Figure 4.51 : Cumulative energy vs. drift curve obtained from system test II.
4.5.1.3 Equivalent viscous damping

According to Figure 4.52, the equivalent damping ratio increases with increase of
drift angle of system. Particularly after the drift angle of 1.67%, there is a significant
increase. The equivalent damping ratio is 10.63 % at yielding drift, after the yielding
with increase of drift the equivalent damping ratio increases significantly, so that at

the maximum drift of 8.64 the equivalent damping ratio equals to 37.39 %.
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Figure 4.52 : Equivalent damping ratio vs. drift curve obtained from system test Il.
4.5.1.4 Effective (secant) stiffness

The structural system has the initial stiffness amount of 0.33 KN/mm at the drift
angle of 0.22%, as the drift angle increases the secant stiffness declines and reaches
to the value of 0.046 KN/mm at the maximum drift angle, this shows approximately

86% reduction. The secant stiffness vs. drift relation is displayed in Figure 4.53.
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Figure 4.53 : Secant stiffness vs. drift relation obtained from system test II.
4.5.1.5 Relative vertical displacement of panel to panel steel cushions

The actuator force vs. relative displacement relation, for steel cushion in panel 1 to
panel 2 connection is presented in Figure 4.54. The steel device used in the panel 1 to
panel 2 connection is denoted by S12. The maximum relative displacements of S12
is 82.46 mm at actuator force of 9.4 KN.
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Figure 4.54 : Actuator force vs. relative displacement relation for steel cushion
in panel 1 to panel 2 connection obtained from system test II.

The strain gauges locations on the specimens in panel-to-panel connections are

shown in Figure 4.55.

Inner Top

A

Figure 4.55 : Strain gauges location on steel cushions in panel-to-panel connection
obtained from system test II.

The specimen vyields at the drift angle of 2.28%. Location of the first yielding is the
beginning of the arc section of specimen (inner top). The strain vs. drift angle

relation for inner top point is presented in Figure 4.56.
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Figure 4.56 : Strain vs. drift angle relation for steel cushion in panel 1 to panel 2
connection obtained from system test I1.
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The actuator force vs. relative displacement relation for steel cushion in panel 3 to
panel 4 connection is presented in Figure 4.57. The steel device in panel 3 to panel 4
connection is denoted by S34. The maximum relative displacements of S34 is 73.5

mm at the actuator force of 9.4 KN.
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Figure 4.57 : Actuator force vs. relative displacement relation for steel cushion in
panel 3 to panel 4 connection obtained from system test II.

The specimen yields at the drift angle of 2.28%. Location of the first yielding is the
beginning of the arc section of specimen (inner top). The strain vs. drift angle

relation for inner top point is presented in Figure 4.58.

9000
6000
3000

-3000
-6000
-9000

Strain (Ms)

10-8-6-4-202 4 6 810
Drift (%)

Strain-Drift angle relation Deformed shape of steel cushion

Figure 4.58 : Strain vs. drift angle relation for steel cushion in panel 3 to panel 4
connection obtained from system test II.

Two cushions between two adjacent panels behaved nearly symmetrically the
actuator force vs. relative vertical displacement relation for two steel devices are

compared in Figure 4.59.
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Figure 4.59 : Comparison of actuator force vs. relative displacement of S12 and
S34 obtained from system test Il.

4.5.1.6 Relative horizontal displacement of panel to support steel cushions

To examine the shear displacement of steel cushion beneath panel 1 the relation
between actuator force and total relative displacement of steel cushions beneath
panel 1 is presented in Figure 4.60. The maximum relative displacement is 38.56 mm
at the actuator force of 9.75 KN. However as the transducer was installed at level of
20 cm from the panel base, the steel device horizontal displacement is smaller than
this value. According to the deformed shape of steel cushion besides the horizontal
displacement the steel cushion rotated. In fact, this value of the horizontal tip
displacement is formed by combination of the rotation of panel and horizontal
displacement of steel cushions, although the rotation contribution in the horizontal
displacement is more than steel cushions horizontal displacement. In addition, the

behavior is asymmetric.
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Figure 4.60 : Actuator force vs. relative horizontal displacement relation for steel
cushions beneath panel 1 obtained from system test II.
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The strain gauges locations for steel devices in panel to support connection are
shown in Figure 4.61. According to the strain history, yielding occurred at all three
points, the first yielding occurred at 0.85% system drift angle. The location of first

yielding was the specimen vertex point.
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Figure 4.61 : Location of strain gauges on steel cushions in panel to support
connection obtained from system test I1.

The relation between the actuator force and total relative displacement of steel
cushions beneath panel 2, is presented in Figure 4.62. The maximum relative
displacement is 43.06 mm at the actuator force of 9.75 KN. However as the
transducer was installed at level of 20 cm from the panel base, the steel device
horizontal displacement is smaller than this value. According to the deformed shape
of steel cushion besides the horizontal displacement, the steel cushion rotated. In
fact, this value of the horizontal displacement is formed by combination of the
rotation of panel and horizontal displacement of steel cushions, although the rotation
contribution in the horizontal displacement is more than steel cushions horizontal

displacement. In addition, the behavior is asymmetric.
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Figure 4.62 : Actuator force vs. relative horizontal displacement relation for steel
cushions beneath panel 2 obtained from system test II.
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According to the strain gauges history, yielding occurred at all three points, the first
yielding occurred at 1.16 % system drift angle. The location of first yielding was the

specimen vertex point.

The relation between the actuator force and total relative displacement of steel
cushions beneath panel 3 is presented in Figure 4.63. The maximum relative
displacement is 14.05 mm at the actuator force of 10.10 KN. However as the
transducer was installed at level of 20 cm from the panel base, the steel device
horizontal displacement is smaller than this value. According to the deformed shape
of steel cushion, besides the horizontal displacement, the steel cushion rotated. In
fact, this value of the horizontal displacement is formed by combination of the
rotation of panel and horizontal displacement of steel cushions, although the rotation
contribution in the horizontal displacement is more than steel cushions horizontal
displacement. In addition, the behavior is asymmetric. The data obtained from
transducer interrupted after the displacement target of 109.23 mm.
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Figure 4.63 : Actuator force vs. relative horizontal displacement relation for
steel cushions beneath panel 3 obtained from system test Il.

According to the strain gauges history, yielding occurred at all three points, the first
yielding occurred at 1.66 % system drift angle. The location of first yielding was the

specimen vertex point.

The relations between actuator force and total relative displacement of steel cushions
beneath panel 4, is presented in Figure 4.64. The maximum relative displacement is
12.93 mm at the actuator force of 10.1 KN. However as the transducer was installed
at level of 20 cm from the panel base, the steel device horizontal displacement is

smaller than this value. According to the deformed shape of steel cushion, besides
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the horizontal displacement, the steel cushion rotated. In fact, this value of the
horizontal displacement is formed by combination of the rotation of panel and
horizontal displacement of steel cushions, although the rotation contribution in the
horizontal displacement is more than steel cushions horizontal displacement. In
addition, the behavior is asymmetric. The data obtained from transducer interrupted
after the displacement target of 109.23 mm.
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Figure 4.64 : Actuator force vs. relative horizontal displacement relation for steel
cushions beneath panel 4 obtained from system test II.

According to the strain gauges history, yielding occurred at all three points, the first
yielding occurred at 0.86 % system drift angle. The location of first yielding was the

specimen vertex point.

To investigate whether the Steel cushions beneath two symmetric panels, behaved
symmetrically or not, actuator force-relative horizontal displacement relations for
steel cushion beneath panel 1and panel 4 are compared in Figure 4.65. According to
Figure 4.65, panel 1 and panel 4 behaved asymmetrically as a result, the steel
cushions below panel 1land panel 4 represented the asymmetrical behavior. It should
be mentioned that the data obtained from transducer, which measured the panel 4

horizontal displacement, was interrupted after the displacement target of 109.23 mm.
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Figure 4.65 : Comparison of actuator force-relative displacement relation for steel
cushions beneath panel 1 and panel 4 obtained from system test II.

Actuator force-relative horizontal displacement relations for steel cushion beneath
panel 2 and panel 3 are compared in Figure 4.66. According to Figure 4.66, panel 2
and panel 3 behaved asymmetrically as a result, the steel cushions below panel 2 and
panel 3 represented the symmetrical behavior. It should be mentioned that the data
obtained from transducer, which measured the panel 3 horizontal displacement, was
interrupted after the displacement target of 109.23 mm.

15
Z 10
X
N4
(5]
. 0 / ——Panel 2
o
= - ——Panel 3
g -10

-15

-50 -40 -30 -20 -10 O 10 20 30 40 50
Relative Horizontal Displacement (mm)

Figure 4.66 : Comparison of actuator force-relative displacement relation for steel
cushions beneath panel 2 and panel 3 obtained from system test I1.

4.5.1.7 Relative horizontal displacement of panel to beam steel cushions

To investigate the behavior of steel cushion in panel 1 to beam connection the
relation of the actuator force vs. relative displacement between panel 1 and beam is
presented in Figure 4.67. The steel cushion is denoted by S1*. The maximum
relative displacement between panel 1 and beam is 7.66 mm at the actuator force of
10.045 KN. According to the strain history relevant to this steel device the device did

not yield, which indicate the steel device horizontal displacement must be less than
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100mm, while the relative displacement between panel 1 and beam is 7.66 mm, this
is caused by the rotation of the panel and it does not represent the steel device real

horizontal displacement.
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Figure 4.67 : Relation of the actuator force vs. relative displacement between panel
1 and beam obtained from system test II.

The steel device in panel 2 to beam connection is denoted by S2*. The relation of the
actuator force vs. relative displacement between panel 2 and beam is presented in
Figure 4.68. The maximum relative displacement between panel 2 and beam is 13.25
mm at the actuator force of 9.93 KN. According to the strain history relevant to this
steel device, the yielding does not yield, which indicate the steel device horizontal
displacement must be less than 100 mm, while the relative displacement between
panel 2 and beam is 13.25 mm, so this is caused by the rotation of the panel and it

does not represent the steel device real horizontal displacement.
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Figure 4.68 : Relation of the Actuator force vs. relative displacement between panel
2 and beam obtained from system test II.
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The steel device in panel 3 to beam connection, is denoted by S3*. According to the
Figure 4.69, S3* horizontal displacement was so small. In fact the panel 3 rotated
easily and S3* acted such a hinge connection. In addition at the final displacement

targets S3* twisted around the connected bolt.
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Figure 4.69 : Top view of S3* at final displacement target obtained from
system test IlI.

The steel device in panel 4 to beam connection is denoted by S4*. According to the
Figure 4.70, S4* horizontal displacement was so small. In fact the panel 3 rotated
easily and S4* acted such a hinge connection.in addition at the last displacement

targets S4* twisted around the connected bolt.

Top view of S4* Final displacement target

Figure 4.70 : Top view of S4* at final displacement target obtained from
system test II.

The locations of strain gauges in panel to beam steel cushions are illustrated in

Figure 4.71.
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Figure 4.71 : location of strain gauges on steel device in system test Il.
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4.5.1.8 Cladding panels rotation

The rotation of panel 3 and 4 in terms of step numbers are illustrated in Figures 4.72

and 4.73, respectively. The maximum rotation of panel 3 and panel 4 is 0.0839 rad
and 0.0702 rad, respectively.
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Figure 4.72 : Rotation in terms of step numbers for panel 3.

0.1
0.08
0.06
0.04 H
0.02 "

0 Iaaann \AAAAANAAA
v

AR A |

Rotation (rad)

-0.02
-0.04
-0.06
-0.08

-0.1

ExperiT‘uental-Panel 4

0 250 500 750 1000 1250
Step

Figure 4.73 : Rotation in terms of step numbers for panel 4.
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4.5.1.9 Total behavior of panels

To investigate the amount of out of plane displacement, the out of plane
displacement of panel 3 and panel 4 vs. actuator displacement curve are presented in
Figures 4.74 and 4.75. According to Figure 4.74, the amount of out of plane
displacement of panel 3 is small enough.
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Figure 4.74 : Out of plane displacement of panel 3 in terms of in plane
displacement obtained from system test II.

According to Figure 4.75, the amount of out of plane displacement of panel 4 is few
as well. However, the out of plane displacement for panel 4 is higher than

corresponding value for panel 3.
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Figure 4.75 : Out of plane displacement of panel 4 in terms of in plane
displacement obtained from system test Il.

In total the out of plane displacement of panels are minimal as a result, the steel
device in panel to beam connection were not subjected to significant tensile stress.

Moreover, any twisting of panels was not observed during the test.
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4.6 System Test 111 (Double Cushion Test)

Two steel cushions are used at the bottom of each cladding. In this test, 5mm thick
steel cushions were assembled in panel to support connection. The steel device in
panel-to-panel connection and panel to beam connection were 5mm and 8mm thick
steel cushions, respectively. Totally, fourteen steel devices including eight 5mm steel
cushions as support ( two cushions per panel), two 5mm steel cushions as middle
connection ( one cushion between two panels ), and four 8mm cushions in beam to

panel connection ( one cushion per panel) were used. This arrangement is shown in

Figure 4.76.
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Figure 4.76 : Arrangements of steel cushions in system test I11.

The location of the strain gauges were analogues to test |1, as illustrated in Figure

4.77.
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Figure 4.77 : Location of strain assessment devices in system test I11.
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Transducers and their locations are illustrated in Figure 4.78 and 4.79.
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Figure 4.78 : Location of transducers in side 1 in system test IlI.
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Figure 4.79 : Location of transducers in side 2 in system test I1I.
4.6.1 Evaluation of experimental results obtained from system test I11

In this section, the experimental results are presented and discussed.

4.6.1.1 Actuator force-top displacement relation

The experimental actuator force in terms of displacement and drift derived from the
system test Il are shown in Figure 4.80 and 4.81.
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Figure 4.80 : Force-Top displacement relation obtained from system test IlI.
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Figure 4.81 : Force-Drift angle curve obtained from system test I11.

The experimental results obtained from system test Il are summarized in Table
4.5.The force—drift angle relation of Figure 4.81 shows a stable and symmetric
hysteresis behavior. Any damages were not observed on steel cushions and cladding
panels.

Table 4.5 : Summary of test results obtained from system test Il1.

Yielding Force (KN) Max Force (KN) Yielding Drift (%) Max Drift (%)
16.40 21.07 2.28 8.83

4.6.1.2 Energy dissipation

Cumulative energy hysteresis curve vs. the drift angle is presented in Figure 4.82.
Except the panel to beam connection steel device, which they did not yield, the steel
devices in panel-to-panel and panel to support connection yielded, therefore they
contributed in the Cumulative energy capacity. According to Figure 4.82 after the
yield drift of 2.28% there is a sharp increase with respect to the previous drifts the
energy value at the yielding drift is 2754 KN.mm. After the yielding with increase of
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drift, the energy amount increases significantly, so that at the maximum drift of 8.83
the cumulative energy equals to 40131 KN.mm.
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Figure 4.82 : Cumulative energy vs. drift curve obtained from system test I11.
4.6.1.3 Equivalent viscous damping

According to Figure 4.83, the equivalent damping ratio increases with increase of
drift angle of system. Particularly after the drift angle of 2.28%, there is significant,
increase. The equivalent damping ratio is 13.51% at yielding drift, after the yielding
with increase of drift the equivalent damping ratio increases significantly, so that at
the maximum drift of 8.82% the amount of the equivalent damping ratio equals to
30.71 %.
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Figure 4.83 : Equivalent damping ratio vs. drift curve obtained from system test IlI.
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4.6.1.4 Effective (secant) stiffness

The structural system has the initial stiffness of 0.63 KN/mm at the drift angle of
0.22%, as the drift angle increases the secant stiffness declines and reaches to the
value of 0.1 KN/mm at the maximum drift angle, this shows approximately 84%

reduction. The secant stiffness vs. drift relation is displayed in Figure 4.84.
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Figure 4.84 : Secant stiffness vs. drift relation obtained from system test I11.
4.6.1.5 Relative vertical displacement of panel to panel steel cushions

The actuator force vs. relative displacement relation, for steel cushion in panel 1 to
panel 2 connection is presented in Figure 4.85. The steel device used in the panel 1 to
panel 2 connection is denoted by S12. The maximum relative displacement of S12 is
59.52 mm at actuator force of 21.27 KN.
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Figure 4.85 : Actuator force vs. relative displacement relation for steel cushion in
panel 1 to panel 2 connection obtained from system test I11.

The strain gauges locations on the specimens in panel-to-panel connections are

shown in Figure 4.86.
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Figure 4.86 : Strain gauges location on steel cushions in panel-to-panel connection
obtained from system test I11.

The specimen yields at the drift angle of 3.23%. Location of the first yielding is the
beginning of the arc section of specimen (inner top). The strain vs. drift angle
relation of inner top point is presented in Figure 4.87.
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Figure 4.87 : Strain vs. drift angle relation for steel cushion in panel 1 to panel 2
connection obtained from system test I1I.

The actuator force vs. relative displacement relation for steel cushion in panel 3 to
panel 4 connection is presented in Figure 4.88. The steel device in panel 3 to panel 4
connection, is denoted by S34. The maximum relative displacement of S34 are 79.6

mm at the actuator force of 21.26 KN.
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Figure 4.88 : Actuator force vs. relative displacement relation for steel cushion in
panel 3 to panel 4 connection obtained from system test IlI.
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The specimen yields at the drift angle of 1.15%. Location of the first yielding is the
beginning of the arc section of specimen (inner top). The strain vs. drift angle

relation of inner top point is presented in Figure 4.89.
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Figure 4.89 : Strain vs. drift angle relation for steel cushion in panel 3 to panel 4
connection obtained from system test I1I.

Two cushions between two adjacent panels behaved nearly symmetrically the
actuator force vs. relative vertical displacement relation for two steel devices are

compared in Figure 4.90.
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Figure 4.90 : Comparison of actuator force vs. relative displacement of S12 and
S34 obtained from system test III.
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4.6.1.6 Relative horizontal displacement of panel to support steel cushions

To examine the shear displacement of steel cushion beneath panel 1 the relation
between the actuator force and total relative displacement of steel cushions beneath
panel 1 is presented in Figure 4.91. The maximum relative displacement is 27.84 mm
at the actuator force of 21.07 KN, However as the transducer was installed at level of
20 cm from the panel base, the steel device horizontal displacement is smaller than
this value. According to the deformed shape of steel cushion, besides the horizontal
displacement the steel cushion rotated. In fact, this value of the horizontal
displacement is formed by combination of the rotation of panel and horizontal
displacement of steel cushions, although the rotation contribution in the horizontal
displacement is more than steel cushions horizontal displacement. In addition, the

behavior is asymmetric.
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Figure 4.91 : Actuator force vs. relative horizontal displacement relation for steel
cushions beneath panel 1 obtained from system test I1I.

The strain gauges locations for steel devices in panel to support connection are
shown in Figure 4.92. According to the strain history, yielding occurred at all three
points, the first yielding occurred at 1.66% system drift angle. The location of first

yielding was the specimen vertex point.

Location of First Yielding
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Figure 4.92 : Location of strain gages on steel cushions in panel to support
connection obtained from system test IlI.
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The relation between the actuator force and total relative displacement of steel
cushions beneath panel 2, is presented in Figure 4.93. The maximum relative
displacement is 29.94 mm at the actuator force of 21.67 KN, However as the
transducer was installed at level of 20 cm from the panel base, the steel device
horizontal displacement is smaller than this value. According to the deformed shape
of steel cushion, besides the horizontal displacement the steel cushion rotated. In
fact, this value of the horizontal displacement is formed by combination of the
rotation of panel and horizontal displacement of steel cushions, although the rotation
contribution in the horizontal displacement is more than steel cushions horizontal

displacement. In addition, the behavior is asymmetric.
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Figure 4.93 : Actuator force vs. relative horizontal displacement relation for steel
cushions beneath panel 2 obtained from system test I1I.

According to the strain history, yielding occurred at all three points, the first yielding
occurred at 1.16 % system drift angle. The location of first yielding was the

specimen vertices.

The relation between the actuator force and total relative displacement of steel
cushions beneath panel 3 is presented in Figure 4.94. The maximum relative
displacement is 25.29mm at the actuator force of 20.60 KN, However as the
transducer was installed at level of 20 cm from the panel base, the steel device
horizontal displacement is smaller than this value. According to the deformed shape
of steel cushion, besides the horizontal displacement the steel cushion rotated. In
fact, this value of the horizontal displacement is formed by combination of the

rotation of panel and horizontal displacement of steel cushions, although the rotation
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contribution in the horizontal displacement is more than steel cushions horizontal

displacement. In addition, the behavior is asymmetric.
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Figure 4.94 : Actuator force vs. relative horizontal displacement relation for steel
cushions beneath panel 3 obtained from system test I1I.

According to the strain history, yielding occurred at all three points, the first yielding
occurred at 1.66 % system drift angle. The location of first yielding is illustrated in
Figure 4.95.

Location of First Yielding

Figure 4.95 : Location of strain gages on steel cushions in panel to support
connection obtained from system test I1I.

The relation between the actuator force and total relative displacement of steel
cushions beneath panel 4 is presented in Figure 4.96. The maximum relative
displacement is 26.09 mm at the actuator force of 20.67 KN, However as the
transducer was installed at level of 20 cm from the panel base, the steel device
horizontal displacement is smaller than this value. According to the deformed shape
of steel cushion, besides the horizontal displacement the steel cushion rotated. In
fact, this value of the horizontal displacement is formed by combination of the

rotation of panel and horizontal displacement of steel cushions, although the rotation
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contribution in the horizontal displacement is more than steel cushions horizontal

displacement. In addition, the behavior is asymmetric.
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Figure 4.96 : Actuator force vs. relative horizontal displacement relation for steel
cushions beneath panel 4 obtained from system test I1I.

According to the strain history, yielding occurred at all three points, the first yielding
occurred at 2.28 % system drift angle. The location of first yielding was the

specimen vertex point.

To investigate whether the Steel cushions beneath two symmetric panels, behaved
symmetrically or not, actuator force-relative horizontal displacement relations for
steel cushion beneath panel 1and panel 4 are compared at Figure 4.97. According to
Figure 4.97 the panel 1 and panel 4 almost behaved symmetrically as a result, the
steel cushions below panel land panel 4 represented the nearly symmetrical
behavior.
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Figure 4.97 : Comparison of actuator force-relative displacement relation for steel
cushions beneath panel 1 and panel 4 obtained from system test I11.
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Actuator force-relative horizontal displacement relations for steel cushion beneath
panel 2 and panel 3 are compared in Figure 4.98. According to Figure 4.98 the panel
2 and panel 3 almost behaved symmetrically as a result, the steel cushions below

panel 2 and panel 3 represented the nearly symmetrical behavior.

30
20

0 / ——Panel 2
-10 [ /4

——Panel 3

Actuator Force (KN)

-40 -20 0 20 40
Relative Horizontal Displacement (mm)

Figure 4.98 : Comparison of actuator force-relative displacement relation for steel
cushions beneath panel 2 and panel 3 obtained from system test I11.

4.6.1.7 Relative Horizontal Displacement of Panel to Beam Steel Cushions

To investigate the behavior of steel cushion in panel 1 to beam connection, the
relation of actuator force vs. relative displacement between panel 1 and beam is
presented in Figure 4.99. This steel cushion is denoted by S1*. The maximum
relative displacement between panel 1 and beam is 12.01 mm at the actuator force of
21.07 KN. According to the strain history relevant to this steel device the yielding is
not observed, which indicate the steel device horizontal displacement must be less
than 100 mm, while the relative displacement between panel 1 and beam is 12.01
mm, so this is caused by the rotation of the panel and it does not represent the steel

device real horizontal displacement.
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Figure 4.99 : Relation of the actuator force vs. relative displacement between panel
1 and beam obtained from system test IlI.
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The steel device in panel 2 to beam connection is denoted by S2*. The relation of the
actuator force vs. relative displacement between panel 1 and beam is presented in
Figure 4.100. The maximum relative displacement between panel 2 and beam is
20.22 mm at the actuator force of 21.67 KN in other word the S2* displaced up to
20.22% its drift angle. According to the strain history relevant to this steel device
yielding is not observed, which indicate the steel device horizontal displacement
must be less than 100 mm, while the relative displacement between panell and beam
is 20.22 mm, so this is caused by the rotation of the panel and it doesn’t represent the

steel device real horizontal displacement.
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Figure 4.100 : Relation of the actuator force vs. relative displacement between
panel 2 and beam obtained from system test III.

The steel device in panel 3 to beam connection is denoted by S3*. According to the
Figure 4.101, S3* horizontal displacement was so small. In fact the panel 3 rotated

easily and S3* acted such a hinge connection.
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Figure 4.101 : Top view of S3* at final displacement target obtained
from system test Il1.
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The steel device in panel 4 to beam connection is denoted by S4*. According to the
Figure 4.102, S4* horizontal displacement was so small. In fact the panel 3 rotated
easily and S4* acted such a hinge connection.

Top view of S4* Final displacement target

Figure 4.102 : Top view of S4* at final displacement target obtained from
system test I11.

The locations of strain gauges in panel to beam steel cushions are illustrated in
Figure 4.103.
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Figure 4.103 : location of strain gauges on steel device in system test I11.

4.6.1.8 Cladding Panels Rotation

The rotation of panel 3 and 4 in terms of step numbers are illustrated in Figure 4.104

and 4.105, respectively. The maximum rotation of panel 3 and panel 4 is 0.0831 rad
and 0.0743 rad, respectively.
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Figure 4.104 : Rotation in terms of step numbers for panel 3.
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Figure 4.105 : Rotation in terms of step numbers for panel 4.
4.6.1.9 Total behavior of panels

To examine the amount of out of plane displacement, the out of plane displacement
of panel 3 and panel 4 vs. actuator displacement curves are presented in Figures
4.106 and 4.107. According to Figure 4.106, the amount of out of plane

displacement of panel 3 is small enough.
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Figure 4.106 : Out of plane displacement of panel 3 in terms of in plane
displacement obtained from system test I1I.
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According to Figure 4.107, the amount of out of plane displacement of panel 4 is
small as well. However, the out of plane displacement for panel 4 is higher than

corresponding value for panel 3.
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Figure 4.107 : Out of plane displacement of panel 4 in terms of in plane
displacement obtained from system test Il1.

In total the out of plane displacement of panels are minimal as a result the steel
device in panel to beam connection were not subjected to significant tensile stress.
Moreover any twisting of panels or steel cushions were not observed during the test.

The deformed shapes of the steel cushions are shown in Figure 4.108.

Deformed shape of steel cushions Relative displacement between panel 1
and panel 2

Figure 4.108 : Deformed shape of the steel cushions obtained from system test IlI.
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4.7 System Test IV (Double Cushion Test)

Two steel cushions were used at the bottom of each cladding. 5mm steel cushions
were used at the support to panel connection, 3mm ones in panel-to-panel connection
and 8mm steel devices in beam to panel connection. Totally four pieces of 5mm
cushions at the supporting level (two ones per panel), two pieces of cushions in the
mid-level (one cushion between two panels) and four pieces of steel cushions on the

top level (one cushion per panel) were utilized. This arrangement is shown in Figure

4.109.

TEST IV

t=8mm

t=3mm

t=5mm

Figure 4.109 : Arrangements of steel cushions in system test V.

The location of the strain gauges are illustrated in Figure 4.110.
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Figure 4.110 : Location of strain assessment devices in system test V.
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Transducer and their locations are illustrated in Figure 4.111 and 4.112.
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Figure 4.111 : Location of transducers in side 1 in system test V.
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Figure 4.112 : Location of transducers in side 2 in system test IV.
4.7.1 Evaluation of experimental results obtained from system test IV
In this section, the experimental results are presented and discussed.
4.7.1.1 Actuator force-top displacement relation
The experimental actuator force in terms of displacement and drift derived from the

system test IV are shown in Figure 4.113 and 4.114.
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Figure 4.113 : Force-Top displacement relation obtained from system test V.
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Figure 4.114 : Force-Drift angle curve obtained from system test V.

The experimental results obtained from system test IV are summarized in Table 4.6.
The Force—drift angle relation of Figure 4.114 shows a stable and symmetric
hysteresis behavior. Any damages were not observed on steel cushions and cladding

panels.

Table 4.6 : Summary of test results obtained from system test IV.

Yielding Force (KN) Max Force (KN) Yielding Drift (%) Max Drift (%)
11.60 17.59 1.67 8.82

4.7.1.2 Energy dissipation

Cumulative energy dissipation hysteresis curve vs. the drift angle is presented in
Figure 4.115. Except the panel to beam connection steel devices, which they did not
yield, the steel devices in panel to panel and panel to support connection yielded,
therefore they contributed in the Cumulative energy capacity and. According to
Figure 4.115, after the yield drift of 1.67%, there is a sharp increase with respect to
the previous drifts. The energy value at the yielding drift is 679 KN.mm. After the
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yielding with increase of drift angle, the cumulative energy increases significantly, so
that at the maximum drift of 8.82% the cumulative energy equals to 27119 KN.mm.
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Figure 4.115 : Cumulative energy vs. drift curve obtained from system test IV.

4.7.1.3 Equivalent viscous damping

According to Figure 4.116, the equivalent damping ratio increases with increase of
drift angle of system. Particularly after the drift angle of 1.67%, there is significant,
increase. The equivalent damping ratio is 6.69% at yielding drift, after the yielding
with increase of drift the equivalent damping ratio increases significantly, so that at

the maximum drift of 8.82% the equivalent damping ratio equals to 26.42 %.
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Figure 4.116 : Equivalent damping ratio vs. drift curve obtained from system
test IV.
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4.7.1.4 Effective (secant) stiffness

The structural system has the initial stiffness of 0.45 KN/mm at the drift angle of
0.22%. As the drift angle increases the secant stiffness declines and reaches to the
value of 0.08 KN/mm at the maximum drift angle, this shows approximately 83%

reduction. The secant stiffness vs. drift relation is displayed in Figure 4.117.
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Figure 4.117 : Secant stiffness vs. drift relation obtained from system test IV.
4.7.1.5 Relative vertical displacement of panel to panel steel cushions

The actuator force vs. relative displacement relation, for steel cushion in panel 1 to
panel 2 connection is presented in Figure 4.118. The steel device in panel 1 to panel
2 connection is denoted by S12.The maximum relative displacements of S12 is 83.38
mm at the actuator force of 17.59 KN.
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Figure 4.118 : Actuator force vs. relative displacement relation for steel cushion in
panel 1 to panel 2 connection obtained from system test IV.

The strain gauges locations on the specimens in panel-to-panel connections are
shown in Figure 4.119.
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Inner Top (\\.

Figure 4.119 : Strain gauges location on steel cushions in panel-to-panel connection
obtained from system test IV.

The specimen yields at the system drift angle of 2.28%. Location of the first yielding
is the beginning of the arc section of specimen (inner top). The strain vs. drift angle

relation of inner top point is presented in Figure 4.120.
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Figure 4.120 : Strain vs. drift angle relation for steel cushion in panel 1 to panel 2
connection obtained from system test V.

The actuator force vs. relative displacement relation for steel cushion in panel 3 to
panel 4 connection is presented in Figure 4.121. The steel device in panel 3 to panel
4 connection is denoted by S34. The maximum relative displacements of S34 is 83.3

mm at the actuator force of 17.59KN.
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Figure 4.121 : Actuator force vs. relative displacement relation for steel cushion in
panel 3 to panel 4 connection obtained from system test IV.

177



The specimen yields at the drift angle of 4.49%. Location of the first yielding is the
beginning of the arc section of specimen (inner top). The strain vs. drift angle

relation of inner top point is presented in Figure 4.122.
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Figure 4.122 : Strain vs. drift angle relation for steel cushion in panel 3 to panel 4
connection obtained from system test V.

Two cushions between two adjacent panels behaved nearly symmetrically the

actuator force vs. relative vertical displacement relation for two steel devices are

compared in Figure 4.123.
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Figure 4.123 : Comparison of actuator force vs. relative displacement of S12 and
S34 obtained from system test IV.

178



4.7.1.6 Relative horizontal displacement of panel to support steel cushions

To examine the shear displacement of steel cushion beneath panel 1 the relation
between the actuator force and total relative displacement of steel cushions beneath
panel 1 is presented in Figure 4.124. The maximum relative displacement is 20.82
mm at the actuator force of 17.59KN, However as the transducer was installed at
level of 20 cm from the panel base, the steel device horizontal displacement is
smaller than this value. According to the deformed shape of steel cushion, besides
the horizontal displacement the steel cushion rotated. In fact, this value of the
horizontal displacement is formed by combination of the rotation of panel and
horizontal displacement of steel cushions, although the rotation contribution in the
horizontal displacement is more than steel cushions horizontal displacement. In

addition, the behavior is asymmetric.
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Figure 4.124 : Actuator force vs. relative horizontal displacement relation for steel
cushions beneath panel 1 obtained from system test V.

The strain gauges locations for steel devices in panel to support connection are
shown in Figure 4.125. According to the strain history, yielding occurred at all three
points, the first yielding occurred at 2.83% system drift angle. The location of first

yielding was the specimen vertex point.

Location of First Yielding

Figure 4.125 : Location of strain gauges on steel cushions in panel to support
connection obtained from system test IV.
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The relation between the actuator force and total relative displacement of steel
cushions beneath panel 2 is presented in Figure 4.126. The maximum relative
displacement is 26.25mm at the actuator force of 16.63 KN, However as the
transducer was installed at level of 20 cm from the panel base, the steel device
horizontal displacement is smaller than this value. According to the deformed shape
of steel cushion, besides the horizontal displacement the steel cushion rotated. In
fact, this value of the horizontal displacement is formed by combination of the
rotation of panel and horizontal displacement of steel cushions, although the rotation
contribution in the horizontal displacement is more than steel cushions horizontal

displacement. In addition, the behavior is asymmetric.
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Figure 4.126 : Actuator force vs. relative horizontal displacement relation for steel
cushions beneath panel 2 obtained from system test IV.

According to the strain history, yielding occurred at all three points, the first yielding
occurred at 1.16 % system drift angle. The location of first yielding was the

specimens vertices.

The relation between the actuator force and total relative displacement of steel
cushions beneath panel 3 is presented in Figure 4.127. The maximum relative
displacement is 26.89mm at the actuator force of 16.63 KN, However as the
transducer was installed at level of 20 cm from the panel base, the steel device
horizontal displacement is smaller than this value. According to the deformed shape
of steel cushion, besides the horizontal displacement the steel cushion rotated. In
fact, this value of the horizontal displacement is formed by combination of the
rotation of panel and horizontal displacement of steel cushions, although the rotation
contribution in the horizontal displacement is more than steel cushions horizontal

displacement. In addition, the behavior is asymmetric.
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Figure 4.127 : Actuator force vs. relative horizontal displacement relation for steel
cushions beneath panel 3 obtained from system test V.

According to the strain history, yielding occurred at all three points, the first yielding
occurred at 1.67% system drift angle. The location of first yielding is illustrated in
Figure 4.128.

Location of First Yielding

Figure 4.128 : Location of strain gauges on steel cushions in panel to support
connection obtained from system test V.

The relation between the actuator force and total relative displacement of steel
cushions beneath panel 4 is presented in Figure 4.129. The maximum relative
displacement is 26.05 mm at the actuator force of 17.59 KN, However as the
transducer was installed at level of 20 cm from the panel base, the steel device
horizontal displacement is smaller than this value. According to the deformed shape
of steel cushion, besides the horizontal displacement the steel cushion rotated. In
fact, this value of the horizontal displacement is formed by combination of the
rotation of panel and horizontal displacement of steel cushions, although the rotation
contribution in the horizontal displacement is more than steel cushions horizontal

displacement. In addition, the behavior is asymmetric.
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Figure 4.129 : Actuator force vs. relative horizontal displacement relation for steel
cushions beneath panel 4 obtained from system test IV.

According to the strain history, yielding occurred at all three points, the first yielding
occurred at 1.67 % system drift angle. The location of first yielding was the

specimen vertex point.

To investigate whether the Steel cushions beneath two symmetric panels, behaved
symmetrically or not, actuator force-relative horizontal displacement relations for
steel cushion beneath panel 1and panel 4 are compared in Figure 4.130. According to
Figure 4.130, panel 1 and panel 4 almost behaved symmetrically as a result the steel
cushions below panel 1and panel 4 represented almost symmetrical behaviors.
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Figure 4.130 : Comparison of actuator force-relative displacement relation for steel
cushions beneath panel 1 and panel 4 obtained from system test IV.

Actuator force-relative horizontal displacement relations for steel cushion beneath
panel 2and panel 3 are compared at Figure 4.131. According to Figure 4.131, panel 2
and panel 3 nearly behaved symmetrically as a result the steel cushions below panel

2 and panel 3 represented almost symmetrical behaviors.
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Figure 4.131 : Comparison of actuator force-relative displacement relation for steel
cushions beneath panel 2 and panel 3 obtained from system test IV.

4.7.1.7 Relative horizontal displacement of panel to beam steel cushions

To investigate the behavior of steel cushion in panel 1 to beam connection the
relation of actuator force vs. relative displacement between panel 1 and beam is
presented in Figure 4.132. The steel cushion is denoted by S1*. The maximum
relative displacement of between panel 1 and beam is 8.95 mm at the actuator force
of 16.63 KN. According to the strain history relevant to this steel device yielding in
not observed, which indicate the steel device horizontal displacement must be less
than 100mm, while the relative displacement between panell and beam is 8.95 mm,
so this is caused by the rotation of the panel and it does not represent the steel device

real horizontal displacement.
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Figure 4.132 : Relation of the actuator force vs. relative displacement between
panel 1 and beam obtained from system test IV.
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The steel device in panel 2 to beam connection is denoted by S2*. The relation of the
actuator force vs. relative displacement between panel 2 and beam is presented in
Figure 4.133. The maximum relative displacement between panel 2 and beam is 7.29
mm at the actuator force of 14.265 KN. According to the strain history relevant to
this steel device yielding is not observed, which indicate the steel device horizontal
displacement must be less than 100mm, while the relative displacement between
panell and beam is 7.29 mm, so this is caused by the rotation of the panel and it does

not represent the steel device real horizontal displacement.
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Figure 4.133 : Relation of the actuator force vs. relative displacement between
panel 2 and beam obtained from system test IV.

The steel device in panel 3 to beam connection is denoted by S3*. According to the
Figure 4.134, S3* horizontal displacement was so small. In fact the panel 3 rotated

easily and S3* acted such a hinge connection.
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Figure 4.134 : Top view of S3* at final displacement target obtained
from system test IV.

184



The steel device in panel 4 to beam connection is denoted by S4*. According to the
Figure 4.135, S4* horizontal displacement was so small. In fact the panel 3 rotated

easily and S4* acted such a hinge connection.

Top view of S4* Final displacement target

Figure 4.135 : Top view of S4* at final displacement target obtained from
system test IV.

The locations of strain gauges on panel to beam steel cushions are illustrated in
Figure 4.136.
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Figure 4.136 : location of strain gauges on steel device in system test V.

4.7.1.8 Cladding panels rotation

The rotation of panel 3 and 4 in terms of step numbers are illustrated in Figure 4.137
and 4.138, respectively. The maximum rotation of panel 3 and panel 4 is 0.0984 rad
and 0.0872 rad, respectively.
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Figure 4.137 : Rotation in terms of step numbers for panel 3.
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Figure 4.138 : Rotation in terms of step numbers for panel 4.
4.7.1.9 Total behavior of panels

To examine the amount of out of plane displacement, the out of plane displacement
of panel 3 and panel 4 vs. actuator displacement curves are presented in Figure 4.139
and 4.140. According to the Figure 4.136, the amount of out of plane displacement

of panel 3 is small enough.

2

15
1 /\ D

05 > y,
0 =
-0.5 / h

-1
-1.5
-2
-2.5

Out Of Plane Displacement (mm)

-300 -200 -100 0 100 200 300
In Plane Displacement (mm)

Figure 4.139 : Out of plane displacement of panel 3 in terms of in plane
displacement obtained from system test IV.
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According to Figure 4.140, the amount of out of plane displacement of panel 4 is
small as well, however the out of plane displacement for panel 4 is higher than

corresponding value for panel 3.
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Figure 4.140 : Out of plane displacement of panel 4 in terms of in plane
displacement obtained from system test 1V.

In total the out of plane displacement of panels are minimal as a result the steel
device in panel to beam connection were not subjected to significant tensile stress.
Moreover any twisting of panels or steel cushions were not observed during the test.

The deformed shapes of the steel cushions are shown in Figure 4.141.

Deformed shape of steel cushions | Relative displacement between panel 1
and panel 2

Figure 4.141 : Deformed shape of the steel cushions obtained from system test V.
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4.8 Comparison of System Tests Experimental Results
In this part, the experimental results of system tests are compared with each other.

4.8.1 Comparison of system test | and Il experimental results

The experimental results obtained from the system test | and Il are compared, system
test I is single cushion type and the system test Il is double steel cushions type. In
system test I 8mm thick cushions, 5mm thick cushions and 8mm thick, cushions
were utilized in panel to support, panel to panel and panel to beam connections,
respectively. In system, test Il 3mm thick cushions, 5mm thick cushions and 8mm
thick cushions were utilized in panel to support, panel to panel and panel to beam

connections, respectively.

4.8.1.1 Actuator force-top displacement relation

The actuator force vs. drift relation derived from two mentioned tests are compared
in Figure 4.143. It is obvious from Figure 4.142, that the value of strength and the
area enclosed by force—drift relation are approximately equal. The experimental

results derived from the system test | and Il are presented at Table 4.7.
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Figure 4.142 : Comparison of actuator force vs. drift relations of system test | and I1.

Table 4.7 : Experimental results derived from system tests | and I1.

System Test Yielding Force (KN) Max Force (KN) Yielding Drift (%)
Number
I 6.1 11.58 1.16
I 7.3 10.80 1.67
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According to Table 4.7, the values of yielding force, maximum force and yielding
drift derived from the system test | are nearly equal to the corresponding quantities
derived for the system test II.

4.8.1.2 Energy dissipation

According to Figure 4.143, cumulative energy capacities are very similar.
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Figure 4.143 : Comparison of energy dissipation capacity in terms of drift for
system test | and I1.

4.8.1.3 Equivalent viscous damping

The equivalent damping ratios are compared in Figure 4.144. The damping ratio
derived from the system test Il is higher than the corresponding value derived from
system test I. In other word the maximum equivalent damping ratio increases from
30.48% to 37.39% by utilizing a pair of 3mm thick cushions at the base panels rather
than utilizing single 8mm thick cushion at the base of panels. The increment is about
22.67 %.
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Figure 4.144 : Comparison of equivalent damping ratios in terms of drift for
system test | and II.
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4.8.1.4 Effective (secant) stiffness

The initial stiffness values are 0.33 and 0.31 KN/mm for system test Il and |
respectively. Thus, the values of effective stiffness are approximately equal. The
reduction of effective stiffness is 84% and 86% in system test | and I, respectively

according to Figure 4.145.
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Figure 4.145 : Comparison of secant stiffness in terms of drift for of
system test | and I1.

The rate of stiffness decaying for two system tests is identical and independent

arrangement of steel devices and thickness according to the Figure 4.146.
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Figure 4.146 : Comparison of normalized stiffness in terms of drift for
system test | and I1.
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4.8.1.5 Relative vertical displacement of panel to panel steel cushions

Maximum relative vertical displacements in panel-to-panel elements are 90.26 mm in
system test | and 82.54 mm in system test Il. Figure 4.147 represents the comparison

of S12 elements in system tests Il and I.
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Figure 4.147 : Comparison of relative vertical displacements in S12 elements
in system test I and II.

4.8.1.6 Relative horizontal displacement of panel to support steel cushions

Maximum relative horizontal displacements in panel to support elements are 11.88
mm and 43.06 mm in system test Il and I, respectively. However, they are formed by
combination of panel rotation and horizontal displacement of steel cushions. The
maximum horizontal displacement of panel to support connection for two-mentioned

system tests are compared in Figure 4.148.
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Figure 4.148 : Comparison of relative horizontal displacements in panel to support
steel devices in system test | and I1.
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4.8.1.7 Maximum rotation of cladding panels

The maximum rotation of panels obtained from system test | and Il are presented and
compared in Table 4.8. According to Table 4.8 the maximum rotation of panels in

the system test, I and 11 are almost equaled.

Table 4.8 : Maximum rotation of panels obtained from system test | and II.

System Test Maximum Rotation (rad)

I 0.0872

I 0.0839

4.8.2 Comparison of system test I and 111 experimental results

The experimental results obtained from the system test | and 1l are compared. The
system test | is single cushion type and the system test Il is double steel cushions
type. In the system test | 8mm thick cushions, 5mm thick cushions and 8mm thick,
cushions were utilized in panel to support, panel to panel and panel to beam
connections, respectively. In system test IlI, 5mm thick cushions, 5mm thick
cushions and 8mm thick cushions were utilized in panel to support, panel to panel

and panel to beam connections, respectively.

4.8.2.1 Actuator force-top displacement relation

The actuator force vs. drift relation derived from two mentioned tests are compared
in Figure 4.149. It is obvious from Figure 4.149 that the value of strength and the
area enclosed by force—drift relation in the system test Il are bigger than
corresponding parameters in the system test I. The experimental results derived from

the system test | and 111 are presented at Table 4.9.
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Figure 4.149 : Comparison of actuator force vs. drift relations of system test I and I1.
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Table 4.9 : Experimental results derived from system tests | and Il1.

System Test Yielding Force (KN) Max Force (KN) Yielding Drift (%)
Number

| 6.1 11.58 1.16
Il 16.4 21.07 2.28

According to Table 4.9, the values of yielding force, maximum force and yielding
drift derived from the system test Ill are more than the corresponding quantities

derived from the system test I.

4.8.2.2 Energy dissipation

According to Figure 4.150 cumulative energy capacity increases from 23102 KN.mm

in system test | to 40131 KN.mm in system test 111 with increment of 73%.
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Figure 4.150 : Comparison of energy dissipation capacity in terms of drift for
system test | and Il1.

4.8.2.3 Equivalent Viscous Damping

The equivalent damping ratios are compared in Figure 4.151. The maximum
damping ratio derived from the system test | is equaled with the corresponding value
derived from system test Il1.
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Figure 4.151 : Comparison of equivalent damping ratios in terms of drift
for system test 1 and I11.

4.8.2.4 Effective (secant) stiffness
The initial stiffness values are 0.63 and 0.31 KN/mm for system test Il and |

respectively. The reduction of effective stiffness is 84% for both specimens as shown
in Figure 4.152.
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Figure 4.152 : Comparison of secant stiffness in terms of drift for of
system test | and I11.

The rate of stiffness reduction for two specimens is identical and independent from

the arrangement of steel devices and thickness according to the Figure 4.153.
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Figure 4.153 : Comparison of normalized stiffness in terms of drift for
system test | and I11.

4.8.2.5 Relative vertical displacement of panel to panel steel cushions

Maximum relative vertical displacements in panel-to-panel elements are 90.26 mm in
system test | and 79.6 mm in system test Il. Figure 4.154 represents the comparison

of steel cushions relative displacement in panel-to-panel connections in system tests

Iland I.
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Figure 4.154 : Comparison of relative vertical displacements in the steel cushions
in panel-to-panel connection in system test I and I1I.

4.8.2.6 Relative horizontal displacement of panel to support steel cushions

Maximum relative horizontal displacements in panel to support elements are 11.88
mm and 31.2 mm in system test Il and I, respectively. These quantities are formed
by combination of panel rotation and horizontal displacement of steel cushions. The
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maximum horizontal displacement of panel to support connection for two-mentioned

system tests are compared in Figure 4.155.
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Figure 4.155 : Comparison of relative horizontal displacements in panel to support
steel devices in system test | and Il1.

4.8.2.7 Maximum rotation of cladding panels

The maximum rotation of panels obtained from system test | and 111 are presented
and compared in Table 4.10. According to Table 4.10 the maximum rotation of

panels in the system test, | and Il are almost equaled.

Table 4.10 : Maximum rotation of panels obtained from system test | and I1I.

System Test Maximum Rotation (rad)

I 0.0872

i 0.0831

4.8.3 Comparison of system test 11 and 111 experimental results

The experimental results obtained from the system test Il and Il are compared.
System test Il and Il are double steel cushions type specimens. The unique
difference is the panel to support steel cushions thickness. In the system test I, the
panels to support cushions had 3mm thickness, whereas the corresponding steel

devices thickness were 5mm in system test IlI.

4.8.3.1 Actuator force-top displacement relation

The actuator force vs. drift relation derived from two mentioned tests are compared
in Figure 4.156. It is obvious from Figure 4.156 that the value of strength and the

area enclosed by force—drift relation increase using the thicker steel devices at the
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base of each panel. The experimental results derived from the system test Il and Il
are presented at Table 4.11.
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Figure 4.156 : Comparison of actuator force vs. drift relations of system
test Il and 111

Table 4.11 : Experimental results derived from system tests Il and I1I.

System Test Yielding Force (KN) | Max Force (KN) Yielding Drift (%)
Number

1 7.27 10.80 1.67

"l 16.40 21.07 2.28

According to Table 4.11, the values of yielding force, maximum force and yielding
drift derived from the system test Il1 are higher than corresponding quantities derived
from the system test 11 because of the existence of 5mm thick steel cushions in panel
to support connections.

4.8.3.2 Energy dissipation

According to Figure 4.157, cumulative energy capacity increases from 22846
KN.mm in system test 1l to 40131 KN.mm in system test Ill, with an increment of
50%.
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Figure 4.157 : Comparison of energy dissipation capacity in terms of drift for
system test Il and I11.
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4.8.3.3 Equivalent viscous damping

The equivalent damping ratios are compared in Figure 4.158. The maximum
damping ratio derived from the system test Il is higher than the corresponding value
derived from system test Ill. In other word, the maximum equivalent damping ratio
increases from 30.71% to 37.39% by utilizing the 3mm thick cushions at the base
level rather than 5mm thick ones, the increment is about 21.75 %.
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Figure 4.158 : Comparison of equivalent damping ratios in terms of drift
for system test 1l and I11.

4.8.3.4 Effective (secant) stiffness

The initial stiffness values are 0.63 and 0.33 KN/mm for system test Il and II,
respectively. The values of effective stiffness are higher in system test 11l than the
corresponding quantities in system test 11. The reduction of effective stiffness is 84%

in system test 111, whereas the stiffness reduction is 86% in system test Il according
to Figure 4.159.
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Figure 4.159 : Comparison of secant stiffness in terms of drift for of
system test Il and I11.
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The rate of stiffness reduction for two systems is identical and independent from the
thickness of the cushions used at the base level according to Figure 4.160.
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Figure 4.160 : Comparison of normalized stiffness in terms of drift for
system test Il and Il1.

4.8.3.5 Relative vertical displacement of panel to panel steel cushions

Maximum relative vertical displacements in panel-to-panel connections are 78.78
mm in system test Il and 75.34 mm in system test I1l. They are almost equal. Figure
4.161 represents the comparison of S34 in system tests Il and Il1.
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Figure 4.161 : Comparison of relative vertical displacements in S34 elements in
system test Il and 111.
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4.8.3.6 Relative horizontal displacement of panel to support steel cushions

Maximum relative horizontal displacements in panel to support elements are 43.06
mm and 31.2 mm in system test Il and IlI, respectively. They are formed by
combination of panel rotation and horizontal displacement of steel cushions. The
maximum relative horizontal displacements of panel to support connections are

compared in Figure 4.162.
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Figure 4.162 : Comparison of relative horizontal displacements in panel to
support steel devices in system test Il and I11.

4.8.3.7 Maximum rotation of cladding panels

The maximum rotation of panels obtained from system test Il and Il are presented
and compared in Table 4.12. According to Table 4.12 the maximum rotation of

panels in the system test, Il and Il are almost equal.

Table 4.12 : Maximum rotation of panels obtained from system test 11 and III.

System Test Maximum Rotation (rad)

I 0.0839

I 0.0831

4.8.4 Comparison of system test 111 and 1V experimental results

The experimental results obtained from the system test 111 and IV are compared here.

System test 11l and IV are double steel cushions type. The unique difference is the
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panel-to-panel steel cushions thickness. In the system test I11, the panel-to-panel steel
cushions had a thickness of 5mm whereas the corresponding steel cushions

thickness, are 3 mm in system test IV.

4.8.4.1 Actuator force-top displacement relation

The actuator force vs. drift relation derived from two mentioned tests are compared
in Figure 4.163. It is obvious from the Figure 4.163, that the value of strength and the
area enclosed by force—drift relation increase using the thicker steel cushions in the
panel-to-panel connection. The experimental results derived from the system test IlI

and IV are presented at Table 4.13.
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Figure 4.163 : Comparison of actuator force vs. drift relations of system
test 111 and IV.

Table 4.13 : Experimental results derived from system tests Il and 1V.

System Test Yielding Force (KN) | Max Force (KN) Yielding Drift (%)
Number
1l 16.40 21.07 2.28
v 11.60 17.59 1.67

According to Table 4.13, the values of yielding force, maximum force and yielding
drift derived from the system test Ill are higher than the corresponding quantities
derived from the system test IV because of the existence of 5mm thick steel cushions

in panel-to-panel connections.

4.8.4.2 Energy dissipation

According to Figure 4.164, cumulative energy capacity increases from 27119 in

system test IV to 40131 KN.mm in system test Il with an increment of 48%.
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Figure 4.164 : Comparison of energy dissipation capacity in terms of drift
for system test 111 and 1V.

4.8.4.3 Equivalent viscous damping

The equivalent damping ratios are compared in Figure 4.165. The maximum
damping ratio derived from the system test Il is higher than the corresponding value
derived from system test V. In other word, the maximum equivalent damping ratio
increases from 26.42% to 30.71% by utilizing 5mm thick cushions in panel to panel

connections rather than 3mm thick ones, the increment is 16.24 %.
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Figure 4.165 : Comparison of equivalent damping ratios in terms of drift
for system test I1l and 1V.
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4.8.4.4 Effective (secant) stiffness

The initial stiffness values are 0.63 and 0.45 KN/mm for system test Il and IV,
respectively. The values of effective stiffness are higher in system test 11l than the
corresponding quantities in system test IV. The reduction of effective stiffness is
84% in system test Il whereas the stiffness reduction is 83% in system test IV
according to Figure 4.166.
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Figure 4.166 : Comparison of secant stiffness in terms of drift for of system
test 11 and IV.

The rate of stiffness reduction for two system tests is identical and independent from

the steel cushions thickness used at the base level according the Figure 4.167.
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Figure 4.167 : Comparison of normalized stiffness in terms of drift for
system test I1l and 1V.
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4.8.4.5 Relative vertical displacement of panel to panel steel cushions

Maximum relative vertical displacements in panel-to-panel elements are 75.34 mm in
system test Il and 83.3 mm in system test IV. Figure 4.168 represents the

comparison of relative vertical displacement in system tests Il and Il1.
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Figure 4.168 : Comparison of relative vertical displacements in S34 elements
in system test Il and IV.

4.8.4.6 Relative horizontal displacement of panel to support steel cushions

Maximum relative horizontal displacements in panel to support elements are 31.02
mm and 26.25 mm in system test Il and IV respectively. The maximum relative
horizontal displacements of panel-to-panel connections are compared in Figure
4.169.
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Figure 4.169 : Comparison of relative horizontal displacements in panel to support
steel devices in system test Il and IV.
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4.8.4.7 Maximum rotation of cladding panels

The maximum rotation of panels obtained from system test 11l and IV are presented
and compared in Table 4.14. According to Table 4.14 the maximum rotation of

panels in the system test IV is higher than the corresponding value in system test I11.

Table 4.14 : Maximum rotation of panels obtained from system test 1l and IV

System Test Maximum Rotation (rad)
" 0.0831
v 0.0984
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5. ANALYTICAL STUDY OF CONCRETE CLADDING PANELS
EQUIPPED WIT ENERGY DISSIPATIVE STEEL CUSHIONS

5.1 Introduction

This chapter is divided into two sections. In the first section, the steel cushions are
modeled by link element in the SeismoStruct program v 6.0, and two response curves
are suggested for modeling of axial and shear behavior of steel cushions. In the
second part, the concrete cladding panels equipped with steel cushions are modeled
in the program and analytical and experimental results are compared. Force-
displacement relations for panel to panel and panel to support steel devices are
obtained from the analytical study leading to calculation of each steel cushion

contribution in the energy dissipation capacity.

5.2 SeismoStruct Program Version 6.0

In the analytical study, the SeismoStruct program v 6.0 was used. SeismoStruct
program is a finite element program is able to analyze three and two-dimensional
structures under static and dynamic effects with consideration of the geometric and
material nonlinearities. The program contains three main modulus: Pre-Processor in
which the user define the analytical model and assign the loads and structural
properties. Processor, in which the analysis is run and Post- Processor in which the
user is able to gain the analysis results, the structure of the software is illustrated in

Figure 5.1.

Pre-Processor Post-Processor

sMaterials »Analysis Logs

«Sections +Modal Quantities
sElement Classes «Step Output

*Nodes =Deformed Shape Viewer
«Element Connectivity »Global Response

«Constraints Processor Parameters

+Restraints sElement Action Effects
sTime-history Curves «Stress and Strain Output
+Applied Loading «IDA Envelope

+Loading Phases

+Performance Criteria

+Analysis Output

Figure 5.1 : Structure of software, (SeismoStruct v 6.0 user manual, 2012).
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5.3 Response Curve for Modeling Shear and Axial Behaviors of Steel Cushions

The steel cushions are modeled by link element in the SeismoStruct program v 6.0,
and two response curves are suggested for modeling of axial and shear behavior of

steel cushions. In this section the suggested response curves are described.

5.3.1 Response curve for modeling shear behavior of steel cushions

At the first stage, the steel cushions are modeled analytically under the shear effects.
The steel specimens are modeled with the link element with Ramberg- Osgood
response curve, the curve is shown in Figure 5.2. Four parameters are required to

define Ramberg-Osgood curve as illustrated in Figure 5.3.

Tam
o

force aor
moarment

=

e

Dy displacernent
or rotation

Figure 5.2 : Ramberg-Osgood curve, (SeismoStruct v 6.0 user manual, 2012).

Typical values Default values
: 500 1
- 00025 ()
: 150)

Convergence limit for the Newton-Raphson
- 0.001 (-)
procedure - f1

Figure 5.3 : Required parameters for definition of Ramberg-Osgood curve,
(SeismoStruct v 6.0 user manual, 2012).
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The values of yield force and yield displacement are obtained experimentally.
Ramberg-Osgood parameter is denoted by y the loading curve may vary from linear
elastic line for y=1.0, to an elasto-plastic bilincar segment for y= infinity,
SeismoStruct v 6.0. Ramberg-Osgood is obtained by comparing the experimental and

analytical results and the default value is considered for 3; parameter.

For definition of the link element, it is necessary to define two structural nodes with
the identical coordinates and one non-structural nod for determination of local axis
directions. In addition, each link element has the six degree of freedoms in which
depending on the boundary and supporting condition the appropriate behavior is

assigned as shown in the Figure 5.4.

ORI S S i
Element Class: ‘T e

Element Tye: (jnk; Link element X cancel

Curve Types Curve Parameters
F1Parameter(s)
32 0.011 20 0.001
F2Parameter(s)
1000
F3Farameter(s)
1000
M1 Parameter ()

F1 4 (lies in 1-3 plane)
F2
F3
M1
Mz
M3

(€]
£ =
M2 Parameter(s)
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M3 Parameter(s) ¥
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Figure 5.4 : Degree of freedoms for definition of element.

The analytical model for definition of steel cushions under shear effect in
SeismoStruct program is shown in Figure 5.5. The blue square presents the steel

cushions. The rigid elastic element bar is defined to apply the displacement protocol.

Figure 5.5 : Analytical model for definition of steel cushions under shear effect.
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The structural and non-structural nods are defined in the Nods module as shown in
Figure 5.6.
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Figure 5.6 : Definition of structural and non-structural nods.

The link element and the elastic element with high stiffness are defined in the

element class module as shown in Figure 5.7.
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Figure 5.7 : Definition of elastic and link element.

The elements are assigned in the Element Connectivity module and the supporting
conditions are assigned in Restrains module. It should be noted that the link models
are restrained by the fixed support. The displacement protocol is added in the Time
History Curve Module and assigned to analytical module in the applied loads
module. The none-linear static time history analysis was run for three distinct steel

specimens.
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5.3.1.1 Comparison of analytical and experimental results for three distinct steel
cushions under shear effect

The experimental and analytical force-displacement relations for 3mm thick
specimens under shear effect are compared in Figure 5.8. Ramberg-Osgood curve

parameters are summarized in Table 5.1.
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lll// Wi ..

Force (KN)
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Figure 5.8 : Comparison of experimental and analytical force-displacement relation
for 3mm thick steel cushions under shear effects.

Table 5.1 : Ramberg-Osgood curve parameters for 3mm specimens.

Fy (KN) Dy (mm) Y B
2.77 13.50 20 0.001

The experimental and analytical force-displacement relations for 5mm thick
specimens under shear effect are compared in Figure 5.9. Ramberg-Osgood curve

parameters are summarized in Table 5.2.
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Figure 5.9 : Comparison of experimental and analytical force-displacement relation
for 5mm thick steel cushions under shear effects.
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Table 5.2 : Ramberg-Osgood curve parameters for 5mm specimens.

Fy (KN)

Dy (mm)

Y

p

7.84

11.0

20

0.001

The experimental and analytical force-displacement relations for t=8mm thick
specimens under shear effect are compared in Figure 5.10. Ramberg-Osgood curve

parameters are summarized in Table 5.3.
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Figure 5.10 : Comparison of experimental and analytical force-displacement
relation for 8mm thick steel cushions under shear effects.

Table 5.3 : Ramberg-Osgood curve parameters for 8mm specimens.

Fy (KN)

Dy (mm)

Y

B

27.82

11.0

20

0.001

5.3.2 Response curve for modeling axial behavior of steel cushions

The analytical model under the axial effect is shown in Figure 5.11.The differences
between analytical models subjected to shear and axial effects are the direction of the

applied displacement protocol and the direction of applied protocol, the other

properties are identical for two models.

Figure 5.11 : Analytical model for definition of steel cushions under axial effect.
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For definition of the axial behavior of steel cushions, asymmetric bi-linear model is
utilized. The bi-linear model is shown in Figure 5.12. Required parameters for

definition of asymmetric bi-linear curve are summarized in Figure 5.13.

A
force or
moment

r+‘K+u

vi - »
4 ’ displacement
’ e or rotation

Figure 5.12 : Asymmetric bi-linear curve, (SeismoStruct v 6.0 user manual, 2012).

Typical values Default values
Initial stiffness in positive region - Kog+) - 20000 (-)
Yield force in positive region — Fy+) - 1000 (-)
Pos.t-yleld hardening ratio in positive _ 0.005 ()
region - )
Initial stiffness in negative region — Kog) = 10000 (-)
Yield force in negative region - Fy(+) - -1500 (-)
Post-yield hardening ratio in negative 0.01 ()

region - rgy

Figure 5.13 : Required parameters for definition of asymmetric bi-linear curve,
(SeismoStruct v 6.0 user manual, 2012).

The values of yield force and stiffness are obtained experimentally, the values of
post-yield hardening ratios are obtained by comparing the experimental and
analytical results.

5.3.2.1 Comparison of analytical and experimental results for three distinct steel
cushions under axial effect

The experimental and analytical force-displacement relations for t=3mm thick
specimens under shear effect are compared in the Figure 5.14. Asymmetric bi-linear

curve parameters are summarized in Table 5.4.
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Figure 5.14 : Comparison of experimental and analytical force-displacement
relation for 3mm thick steel cushions under axial effect.

Table 5.4 : Asymmetric bi-linear curve parameters for t=3mm specimens.
Ko *) (KN/m) Fy *) (KN) r *) KO o (KN/m) Fy o (KN) r ©)
290 2.77 0.08 640 6.11 0.08

The experimental and analytical force-displacement relations for t=5mm thick
specimens under shear effect are compared in Figure 5.15. Asymmetric bi-linear

curve parameters are summarized in Table 5.5.
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Figure 5.15 : Comparison of experimental and analytical force-displacement
relation for 5mm thick steel cushions under axial effect.

Table 5.5 : Asymmetric bi-linear curve parameters for t=5mm specimens.

Ko+ (KN/m) Fysm(KN) | re | Ko (KN/m) | Fy( (KN) Mo
790 7.47 0.06 1960 18.65 0.08
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The experimental and analytical force-displacement relations for 8mm thick
specimens under shear effect are compared in Figure 5.16. Asymmetric bi-linear

curve parameters are summarized in Table 5.6.

Force (KN)

120
100

—r Experi

mental

—r Analyt

ical

///

[IDi

-80 -60

-40

-20

20

Displacement (mm)

40

60

80

Figure 5.16 : Comparison of experimental and analytical force-displacement
relation for 8mm thick steel cushions under axial effect.

Table 5.6 : Asymmetric bi-linear curve parameters for t=8mm specimens.

Ko (+) FY e Koy Fy o reo
(KN/m) (KN) (KN/m) (KN)
2600 21.18 0.08 8780 51.02 0.1

5.4 Analytical Study of System Tests

In this section, the system tests are represented by analytical model and the analytical
results are compared with the experimental results. The column, beam and concrete
cladding panels are defined as the elastic element with their structural properties, as
any vyielding, cracking or non-linear deformation did not occur for these elements.
All of the structural sections are defined in the Sections module. The structural
elements are connected to the link element through the rigid elastic elements. The
static time history analysis was run and the geometrical nonlinearity and material
inelasticity are taken into account. At the end of the columns the link element with

the in-plane rotational stiffness of zero are utilized to release the end moments.

5.4.1 Analytical study of system test |

In this section analytical model of system test | is presented and the analytical and

experimental results are compared.
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5.4.1.1 Definition of link elements

In this model, 8mm thick cushions axial and shear behaviors are assigned to base and
top-level link elements and 5mm thick cushions properties are assigned in panel-to-
panel link elements. At the base level, one link element is utilized beneath per panel.
The parameters that are assigned in the support link element are illustrated in Figure
5.17. According to Figure 5.17, in F1 and F3 directions the asymmetric bi-linear and
Ramberg-Osgood response curves are assigned respectively. For other directions, the
linear elastic response curves are assigned. The stiffness value of 10 KN/m is
assigned to in- plane rotational stiffness. It should be noted that F1 is the axial
direction and F3 is the shear direction.

Edit Element Class Propertics L

Help Element Class: pottom DT
Element Type: | i Link element i Cancel
Curve Types Curve Parameters
FL F1Parameter(s)
bl_asm - 8780 51,02 0.1 2500 -21.18 0.08
F2 F2 Parameter(s)
lin_sym - 1000000,

F3 F3 Parameter(s)
ram_osg - 32 0.011 20 0.001
M1 M1 Parameter(s)
in_sym - 1

M2 M2 Parameter(g)
lin_sym - 10

M3 M3 Parameter(s)
lin_sym - 1000000

Figure 5.17 : Definition of the support link elements for system test I.

Parameters, which are assigned in the panel-to-panel link elements, are illustrated in
Figure 5.18. According to Figure 5.18, in F1 and F2 directions the bi-linear
asymmetric and Ramberg-Osgood response curves are assigned respectively. In other
directions the linear elastic response curves are assigned. It should be noted that F1 is
the axial direction and F2 is the shear direction.

Edit Element Ciass Properics LN

Help Element Class: mddic P
Element Type: (jing; |ink element &  cancel
Curve Types Curve Parameters
F1 F1Parameter(s)
bl_asm - 1960 18,65 0.08 790 -7,47 0.06
F2 F2 Parameter(s)
ram_osg hd 9,5 0.011 20 0.001
F3 F3 Parameter(s)
lin_sym - 1000000,

M1 M1 Parameter(s)
lin_sym - 1000000,

M2 M2 Parameter(s)
lin_sym - 100000

M3 M3 Parameter(s)
lin_sym - 10000

Figure 5.18 : Definition of the panel-to-panel link elements for system test I.
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Parameters, which are assigned in the panel to beam link elements, are illustrated in
Figure 5.19. According to Figure 5.19, in F1 and F2 directions the bi-linear
asymmetric and Ramberg-Osgood response curves are assigned respectively. In other
directions the linear elastic response curves are assigned. It should be noted that F1 is

axial direction and F2 is shear direction.

Element Class: top v OK
I Element Type: |jink: |ink element & Cancel

Curve Types Curve Parameters

F1 F1Parameter(s)

[bl_asrn V] 3780 51,02 0.1 2600 -21,18 0.08

F2 F2 Parameter(s)

[ram_osg v] 27.82 0.011 20 0.001

7 F3 Parameter(s)

[lin_sym ~| 1000

M1 M1 Parameter(s)

[Iin_sym v] 1
| M2 M2 Parameter(s)

[lin_sym - 1000000,

M3 M3 Parameter(z)

[Iin_sym v] 1000000.

Figure 5.19 : Definition of the panel to beam link elements for system test I.
5.4.1.2 Actuator force-top displacement relation

The experimental and analytical actuator force-top displacement relations are

compared in Figure 5.20. They are comprised with each other.

15

[ERN
o
\

N
Nin

vy
a7

Force (KN)
o

\

-10 Fyr rimental
—— Analytical
-15
-300 -200 -100 0 100 200 300

Displacement (mm)

Figure 5.20 : Comparison of the experimental and analytical actuator force-top
displacement relations in the system test I.
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5.4.1.3 Force-Displacement relation of panel to panel steel cushion

Analytical force versus vertical displacement relation for panel-to-panel steel cushion

is illustrated in Figure 5.21. It should be noted that units of

are KN and m, respectively. The maximum displacement is about 8cm in the force of

10 KN.

force and displacement
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Figure 5.21 : Analytical force versus vertical displacement relation for panel-to-

panel steel cushion in system test |I.

The relative vertical displacement history in the panel-

obtained from the test and analytical study are compared in Figure 5.22,
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Figure 5.22 : Comparison of the experimental and analytical relative vertical
displacement history in the panel-to-panel steel cushion.
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5.4.1.4 Force-Displacement relation of panel to support steel cushion

The relations of force- displacement for the steel cushions beneath the panel 1 and
panel 2 are shown in the Figure 5.23 and 5.24, respectively. These are the force-
displacement relations in the axial direction of steel cushions. In the shear direction
the steel cushions relative horizontal displacements are negligible and the force-
displacement relation remains elastic. It should be noted that units of force and

displacement are KN and m respectively.

Lo.s

-0.004 -0.0035 -0.003 -0.0025 -0.002 -0.0015 -0.001 -0.0005 a

Figure 5.23 : Force-Displacement relation panel to support link element under the
rotation of the panel 1 for system test I.

11 4o

-0.004 -0.0035 -0.003 -0.0025 -0.002 -0.0015 -0.001 -0.0005 o

Figure 5.24 : Force-Displacement relation panel to support link element under the
rotation of the panel 2 for system test I.

The steel cushions beneath each panel did not behave symmetrically. The maximum

vertical displacement are 5.0mm for steel cushions beneath the panel 1 and panel 2.
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5.4.1.5 Rotation of cladding panels

The rotation history of the panel 3 and panel 4 obtained from the analytical and
experimental studies are compared in Figure 5.25 and 5.26, respectively. The

maximum values of analytical rotations are about 0.1 rad for panel 1 and 3.
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Figure 5.25 : Comparison of the experimental and analytical rotation history
for panel 3 in system test I.
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Figure 5.26 : Comparison of the experimental and analytical rotation history
for panel 4 in system test I.

As it is obvious from Figures 5.25 and 5.26, the analytical and experimental rotation
histories are comprised with each other.
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5.4.1.6 Moment-Rotation relation of cladding panels

The moment-rotation relation at the base of panel 3 and 4 are shown in Figure 5.27

and 5.28. The maximum base moment value is 5.0 KN.m for panel 3 and 4.
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Figure 5.27 : Moment-Rotation relation at the base of panel 3 in system test 1.
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Figure 5.28 : Moment-Rotation relation at the base of panel 4 in system test 1.
5.4.1.7 Energy analysis

The total cumulative energy is 21523 KN.mm. The cumulative energy obtained from

the panel-to-panel steel cushions are dissipated all the input energy.
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5.4.1.8 Deformed shape of structural system

The deformed shape of the structural system is illustrated in Figure 5.29.

I:l- I| lil I:I II"'. '-._" "'\-.K
I ! =1 n - y ':.,':
.
i 1 L "._l' __"llll 1:'—_-—__ i —
- 1 ) - RN
r’ 1 T S,
in Y 5 5 "

__..' 1 ol \1_.
R

Figure 5.29 : Deformed shape of the structural system I.

5.4.2 Analytical study of system test Il

In this section, analytical model of system test Il is presented and the analytical and
experimental results are compared. The mathematical model for system test Il is

illustrated in Figure 5.30.

Figure 5.30 : Overview of the mathematical model for system test II.

222



5.4.2.1 Definition of link elements

Parameters, which are assigned in the support link elements, are illustrated in Figure

5.31. According to Figure 5.31, in F1 and F3 directions the asymmetric bi-linear and

Ramberg-Osgood response curves are assigned respectively. For other directions, the

linear elastic response curves are assigned. It should be noted that F1 is the axial

direction and F3 is the shear direction.

it e st

Element Class: hottom

Element TYPe: | jink; Link element

Curve Types
F1

[bl_asm

F2

[Iin_sym

F3
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0K

3 Ccancel

Curve Parameters

F1 Parameter(s)

640 6,11 0.08 290 -2.77 0.08
F2 Parameter(s)

1000000,

F3 Parameter(s)

2,62 0.0135 20 0.001
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[Iin_sym

M2

[Iin_sym

M3

[Iinfsym

=

1000000,

M2 Parameter(s)
0

M3 Parameter (s)
1000000,

Figure 5.31 : Definition of the support link elements for system test Il.

Parameters, which are assigned in the panel-to-panel link elements, are illustrated in

Figure 5.32. According to Figure 5.32, in the F1 and F2 directions the asymmetric

bi-linear and Ramberg-Osgood response curves are assigned respectively. In other

directions the linear elastic response curves are assigned. It should be noted that F1 is

the axial direction and F2 is the shear direction.

Edit Element Class Properties 4 _,I - .

Figure 5.32:

Element TYpe: |[jink: Link element
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Definition of the panel-to-panel link elements for system test II.
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Parameters, which are assigned in the panel to beam link elements, are illustrated in
Figure 5.33. According to Figure 5.33, in F1 and F2 directions asymmetric bi-linear
and Ramberg-Osgood response curves are assigned respectively. In other directions,
the linear elastic response curves are assigned. It should be noted that F1 is axial

direction and F2 is shear direction.

Element Class: top ¢ oK
Element TyPe: jinj; Link element M Cancel
Curve Types Curve Parameters
F1 F1 Parameter(s)
[bl_asm v] 8780 51,02 0.1 2600 -21,18 0.08
F2 F2 Parameter(s)
[ramiosg V] 27.82 0.011 20 0.001
F= F3 Parameter(s)
[Iin_sym v] 700
M1 M1 Parameter(s)
[Iln_sym v] 1
| M2 M2 Parameter(s)
[lin_sym - 1000000,
M3 M3 Parameter ()
[lin_sym - 1000000.

Figure 5.33 : Definition of the panel to beam link elements for system test I1.
5.4.2.2 Actuator force-top displacement relation

The experimental and analytical actuator force-top displacement relations are

compared in Figure 5.34. They are comprised with each other.
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Figure 5.34 : Comparison of the experimental and analytical actuator force-top
displacement relations in the system test II.
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5.4.2.3 Force-Displacement relation of panel to panel steel cushion

Analytical force versus vertical displacement relation for panel to panel steel cushion
is illustrated in Figure 5.35 it should be noted that units of the force and displacement
are KN and m, respectively. The maximum displacement is about 6.5cm in the force
of 10KN.
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Figure 5.35 : Analytical force versus vertical displacement relation for panel-to-
panel steel cushion in system test II.

The relative vertical displacement history in the panel-to-panel steel cushion

obtained from the test and analytical study are compared in Figure 5.36.
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Figure 5.36 : Comparison of the experimental and analytical relative vertical
displacement history in the panel-to-panel steel cushion.
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5.4.2.4 Force-Displacement relation of panel to support steel cushion

Force- displacement relations for the steel cushions beneath panel 1, are shown in the
Figure 5.37 and 5.38. These relations are caused by the rotation of the panel 1. In the
shear direction the steel cushions relative horizontal displacements are negligible and
the force-displacement relation remains elastic. It should be noted that units of force
and displacement are KN and m, respectively.
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Figure 5.37 : Force-Displacement relation panel to support link element in under
the rotation of the panel 1 for system test Il.
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Figure 5.38 : Force-Displacement relation panel to support link element under the
rotation of the panel 1 for system test II.

Force displacement relations for the steel cushions beneath panel 2, are shown in
Figure 5.39 and 5.40. These relations are caused by the rotation of the panel 2, in

shear direction the steel cushions relative horizontal displacements are negligible and
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the force-displacement relation remains elastic. It should be noted that units of force
and displacement are KN and m, respectively.

Figure 5.39 : Force-Displacement relation panel to support link element under the
rotation of the panel 2 for system test I1.
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Figure 5.40 : Force-Displacement relation panel to support link element under the
rotation of the panel 2 for system test I1.

The steel cushions beneath each panel did not behave symmetrically. The maximum
vertical displacement are almost 3.5cm for one steel cushion and 2 cm for another

one in panel 1 and 2.

5.4.2.5 Rotation of cladding panels

The rotation history of the panel 3 and panel 4 obtained from the analytical and
experimental studies are compared in Figure 5.41 and 5.42, respectively. The

maximum value of analytical rotation is about 0.08 rad.
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Figure 5.41 : Comparison of the experimental and analytical rotation history
for panel 3 in system test II.
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Figure 5.42 : Comparison of the experimental and analytical rotation history
for panel 4 in system test II.

As it is obvious from Figures 5.41 and 5.42, the analytical and experimental rotation

histories are comprised with each other.

5.4.2.6 Moment-Rotation relation of cladding panels

The moment-rotation relation at the base of panel 3 and 4 are shown in Figure 5.43

and 5.44. The maximum base moment value is 4 KN.m for panel 3 and 4.
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Figure 5.43 : Moment-Rotation relation at the base of panel 3 in system test II.
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Figure 5.44 : Moment-Rotation relation at the base of panel 4 in system test II.
5.4.2.7 Energy analysis

The total cumulative energy is 19476 KN.mm. The cumulative energy obtained from
the steel cushions beneath the panels is 7573 KN.mm and the cumulative energy
obtained from the panel to panel steel cushions is 12474 KN.mm. Thus 38.88% of
the total cumulative energy is dissipated by the steel cushions in the base level and
64.05% of the total cumulative energy is dissipated by the panel to panel steel

device.
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5.4.2.8 Deformed shape of structural system

The deformed shape of the structural system is illustrated in Figure 5.45.

Figure 5.45 : Deformed shape of the structural system II.
5.4.3 Analytical study of system test 111

In this section, analytical model of system test 111 is presented and the analytical and

experimental results are compared.

5.4.3.1 Definition of link elements

All the analysis setting are identical with system test Il the only difference is the
utilizing the link element which is related to the 5mm thick steel cushions in panel to
support connection rather than 3mm ones. The parameters, which are assigned in the
support link elements, are illustrated in Figure 5.46. According to Figure 5.46, in F1
and F3 directions the asymmetric bi-linear and Ramberg-Osgood response curves are
assigned respectively. For other directions, the linear elastic response curves are

assigned. It should be noted that F1 is axial direction and F3 is shear direction.
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Figure 5.46 : Definition of the support link elements for system test IlI.
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Parameters, which are assigned in the panel-to-panel link elements, are illustrated in
Figure 5.47. According to Figure 5.47, in F1 and F2 directions the asymmetric bi-
linear and Ramberg-Osgood response curves are assigned respectively. In other
directions, the linear elastic response curves are assigned. It should be noted that F1

is axial direction and F2 is shear direction.

o en s et
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Figure 5.47 : Definition of the panel-to-panel link elements for system test I11.

Parameters, which are assigned in the panel to beam link elements, are illustrated in
Figure 5.48. According to Figure 5.48, in F1 and F2 directions the asymmetric bi-
linear and Ramberg-Osgood response curves are assigned respectively. In other
directions, the linear elastic response curves are assigned. It should be noted that the

F1 is axial direction and F2 is shear direction.
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Figure 5.48 : Definition of the panel to beam link elements for system test I11.
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5.4.3.2 Actuator force-top displacement relation

The experimental and analytical actuator force-displacement relations are compared

in Figure 5.49. They are comprised with each other.
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Figure 5.49 : Comparison of the experimental and analytical actuator force-
displacement relations in the system test IlI.

5.4.3.3 Force-Displacement relation of panel to panel steel cushion

Analytical force versus vertical displacement relations for panel-to-panel steel
cushion is illustrated in Figure 5.50. It should be noted that units of force and
displacement are KN and m, respectively. The maximum displacement is about
6.5cm in the force of 8KN.
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Figure 5.50 : Analytical force versus vertical displacement relations for panel-to-
panel steel cushion in system test IlI.
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The relative vertical displacement history in the panel-to-panel steel cushion
obtained from the test and analysis are compared in Figure 5.51.
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Figure 5.51 : Comparison of the experimental and analytical relative vertical
displacement history in the panel-to-panel link element.

5.4.3.4 Force-Displacement relation of panel to support steel cushion

Force displacement relations for the steel cushions beneath the panel 1, are shown in
the Figure 5.52 and 5.53. These relations are caused by the rotation of the panel 1, in
shear direction the steel cushions relative horizontal displacements are negligible and
the force-displacement relation remains elastic . It should be noted that units of force
and displacement are KN and m, respectively.

Figure 5.52 : Force-Displacement relation panel to support link element under the
rotation of the panel 1 for system test I11.
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Figure 5.53 : Force-Displacement relation panel to support link element under the
rotation of the panel 1 for system test I1I.

Force displacement relations for the steel cushions beneath the panel 2, are shown in
Figure 5.54 and 5.55. These relations are caused by the rotation of the panel 2, in
shear direction the steel cushions relative horizontal displacements are negligible and
the force-displacement relation remains elastic. It should be noted that units of the

force and displacement are KN and m, respectively.

Figure 5.54 : Force-Displacement relation panel to support link element under the
rotation of the panel 2 for system test I11.
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Figure 5.55 : Force-Displacement relation panel to support link element under the
rotation of the panel 2 for system test I1I.

The steel cushions under each panel did not behave symmetrically. The maximum

vertical displacements are nearly 4cm for one steel cushion and 3cm for another one.
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5.4.3.5 Rotation of cladding panels

The rotation histories of panel 3 and panel 4 obtained from the analytical and
experimental studies are compared in Figure 5.56 and 5.57, respectively. The
maximum values of rotation are about 0.09 and 0.08 rad for panel 1 and 3

respectively.
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Figure 5.56 : Comparison of the experimental and analytical rotation history for
panel 3 in system test Il1.
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Figure 5.57 : Comparison of the experimental and analytical rotation for panel
4 in system test Il1.
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5.4.3.6 Moment-Rotation relation of cladding panels

The moment-rotation relation at the base of panel 3 and 4 are shown in Figure 5.58

and 5.59. The maximum base moment value is 10 KN.m for panel 3 and 4.
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Figure 5.58 : Moment-Rotation relation at the base of panel 3 in system test Il1.
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Figure 5.59 : Moment-Rotation relation at the base of panel 4 in system test IlI.

5.4.3.7 Energy analysis

The total cumulative is 34710 KN.mm. The cumulative energy obtained from the
steel cushions beneath the panels is 17434 KN.mm and the cumulative energy
obtained from the panel-to-panel steel cushions is 16088 KN.mm. Thus 50.23% of
the total cumulative energy is dissipated by the steel cushions in the base level and
49.77% of the total cumulative energy is dissipated by the panel to panel steel
cushions.
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5.4.3.8 Deformed shape of structural system

The deformed shape of the structural system is illustrated in Figure 5.60

AN

Figure 5.60 : Deformed shape of the structural system III.

5.4.4 Analytical study of system test 1V

In this section, analytical model of system test IV is presented and the analytical and

experimental results are compared.

5.4.4.1 Definition of link elements

Parameters, which are assigned in the support link elements, are illustrated in Figure

5.61. According to Figure 5.61, in F1 and F3 directions the asymmetric bi-linear and

Ramberg-Osgood response curves are assigned respectively. For other directions the

linear elastic response curves are assigned. It should be noted that the F1 is axial

direction and F3 is shear direction.

Element Class: pottom

I Element Type: jink: ink element
Curve Types Curve Parameters
Fi F1Parameter(s)
[b\_asm v] 1960 18.65 0.08 790 -7.47 0.06
F F2 Parameter(s)
[in_sym - 1000000,
F3 F3 Parameter(s)
[ram_osg - 7.54 0.011 20 0.001
M1 M1 Parameter(s)
[lin_sym - 1000000,
M2 M2 Parameter{s)
[Iin_sym v] 5
M3 M3 Parameter{s)
[lin_sym - 1000000,

Figure 5.61 : Definition of the support link elements for system test IV.
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The parameters, which are assigned in the panel-to-panel link, are illustrated in
Figure 5.62. According to Figure 5.62, in F1 and F2 directions the asymmetric bi-
linear and Ramberg-Osgood response curves are assigned respectively. In other
directions, the linear elastic response curves are assigned. It should be noted that the

F1 is axial direction and F2 is shear direction.

Edit Element Class Properties 4 ‘ -

Element Class: mddle v K
Element Type: | inj; Link element & cancel
Curve Types Curve Parameters

Fl F1Parameter(s)

[bl_asrn v] 640 6,11 0.08 290 -2.77 0.08

F2 F2 Parameter(s)

[ramfosg V] 2.62 0.0135 20 0.001

F3 F3 Parameter(s)

[lin_sym - 1000000,

M1 M1 Parameter(s)

[lin_sym - 1000000.

M2 M2 Parameter(s)

[lin_sym - 100000

M3 M3 Parameter(s)

[lin_sym - 100000

Figure 5.62 : Definition of the panel-to-panel link elements for system test IV.

The parameters, which are assigned in the panel to beam link elements, are illustrated
in Figure 5.63. According to Figure 5.63, in F1 and F2 directions the asymmetric bi-
linear and Ramberg-Osgood response curves are assigned respectively. In other
directions, the linear elastic response curves are assigned. It should be noted that the

F1 is axial direction and F2 is shear direction.

R ' -~ A4

Edit Element Class Properties

—

Element Class: top I
Blement Type: | jink: Link element M cancel
Curve Types Curve Parameters

Fl F1 Parameter(s)

[bl_asrn V] §730 51.02 0.1 2600 -21.18 0.08

F2 F2 Parameter(s)

[ram_osg v] 27.82 0,011 20 0,001

F3 F3 Parameter ()

[lin_sym - 1000

M1 M1 Parameter(s)

[Iin_sym v] 1

M2 M2 Parameter(s)

[lin_sym - 1000000.

M3 M3 Parameter(s)

[lin_sym - 1000000.

Figure 5.63 : Definition of the panel to beam link elements for system test IV.
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5.4.4.2 Actuator force-top displacement relation

The experimental and analytical actuator force-top displacement relations are

compared in Figure 5.64. They are comprised with each other.

20

15 > 7

10
¥ /47 /1
o — Experi |
A/ 2
-10 7 yiica

/ [

-15

-20

-300 -200 -100 0 100 200 300

Displacement (mm)

Figure 5.64 : Comparison of the experimental and analytical actuator force-top
displacement relations in the system test IV.

5.4.4.3 Force-Displacement relation of panel to panel steel cushion

Analytical force versus vertical displacement relations for panel-to-panel steel
cushion is illustrated in Figure 5.65. It should be noted that units of the force and
displacement are KN and m, respectively. The maximum displacement is about 8cm
in the force of 2.8KN.
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Figure 5.65 : Analytical force versus vertical displacement relations for panel-to-
panel steel cushion in system test IV.
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The relative vertical displacement history in the panel-to-panel steel cushion
obtained from the test and analytical study are compared in Figure 5.66.
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Figure 5.66 : Comparison of the experimental and analytical relative vertical
displacement history in the panel-to-panel steel cushion.

5.4.4.4 Force-Displacement Relation of Panel to Support Steel Cushion

Force-displacement relations for the steel cushions beneath the panel 1, are shown in
Figure 5.67 and 5.68. These relation are caused by the rotation of the panel 1, in
shear direction the steel cushions relative horizontal displacements are negligible and
the force-displacement relation remains elastic. It should be noted that units of force

and displacement are KN and m, respectively.

Figure 5.67 : Force-Displacement relation panel to support link element under the
rotation of the panel 1 for system test IV.
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Figure 5.68 : Force-Displacement relation panel to support link element under the
rotation of the panel 1 for system test IV.

Force displacement relations for the steel cushions beneath the panel 2, are shown in
Figure 5.69 and 5.70. These relations are caused by the rotation of the panel 2, in
shear direction the steel cushions relative horizontal displacements are negligible and
the force-displacement relation remains elastic. It should be noted that units of the

force and displacement are KN and m, respectively.

-0.03 -0.02 -0.01 0 0.01 0.02

Figure 5.69 : Force-Displacement relation panel to support link element under the
rotation of the panel 2 for system test IV.

-0.025

Figure 5.70 : Force-Displacement relation panel to support link element under the
rotation of the panel 2 for system test IV.

The steel cushions under each panel did not behave symmetrically. The maximum
vertical displacement is almost 3.5cm for one steel cushion and 3 cm for another.
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5.4.4.5 Rotation of cladding panels

The rotation history of panel 3 and panel 4 obtained from the analytical and
experimental studies are compared in Figure 5.71 and 5.72, respectively. The

maximum values of rotation are about 0.1 rad for panel 1 and 3.
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Figure 5.71 : Comparison of the experimental and analytical rotation history
for panel 3 in system test IV.
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Figure 5.72 : Comparison of the experimental and analytical rotation history
for panel 4 in system test IV.

The analytical and experimental rotation histories are comprised with each other.
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5.4.4.6 Moment-Rotation relation of cladding panels

The moment-rotation relation at the base of panel 3 and 4 are shown in Figure

5.73and 5.74. The maximum base moment value is 9.0 and 9.24 KN.m for panel 3

and 4, respectively.
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Figure 5.73 : Moment-Rotation relation at the base of panel 3 in system test
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Figure 5.74 : Moment-Rotation relation at the base of panel 4 in system test V.

5.4.4.7 Energy analysis

The total cumulative energy is 17381 KN.mm. The cumulative energy obtained from
the steel cushions beneath the panels is 12903 KN.mm and the cumulative energy
obtained from the panel-to-panel steel cushions is 4737 KN.mm. Thus 74.24% of the

total cumulative energy is dissipated by panel to support steel cushions and 27.25%

of the total cumulative energy is dissipated through the panel to panel steel device.
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5.4.4.8 Deformed shape of structural system

The deformed shape of the structural system is illustrated in Figure 5.75.
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Figure 5.75 : Deformed shape of the structural system IV.
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6. CONCULUSIONS AND RECOMMENDATIONS

This chapter is divided into two sections. In the first section, conclusions, which
obtained from various element and system tests, are presented. In the second section,

recommendations are presented for further works.

6.1 Conclusions

In this section conclusions, which obtained from various element and system tests,
are presented.
6.1.1 Uniaxial test

1. The cyclic shear tests represent that the steel cushions have large energy
dissipative capacity with stable force-displacement cycles.

2. The displacement capacity of steel cushions is two times of their height i.e. 200

mm.

3. Thickness of steel cushions affects the general behavior of steel devices, so that
the thicker steel cushions have more strength, stiffness, and energy dissipation

capacity.

4. The ductility of steel cushions increases with the increasing thickness.

6.1.2 Bi-Directional shear and axial test

1. The direction of loading is an effective factor on the general behavior of steel
cushions with different thickness; somehow, with the increment of compression
load the damping ratio and energy dissipation capacity increases, while in the

case of tension axial load, the parameters change inversely.

2. The thick specimen behaves in much more stable manner than the thin specimen

under the compression and tension loads.
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3. The thick steel device behaves in much more ductile manner than thin one under
tension axial loading whereas, the thin steel cushion behaves in more ductile

manner in comparison with thick one under compression axial loading.

4. The ductility increases for thick steel device with increasing axial load level, in

contrast the ductility decreases for thin device with increasing tension axial load
level.

5. The optimum level of axial load range may be proposed as + 25% of maximum
axial load capacity of specimen because at the higher level it can affect the

general behavior of steel cushions.

6.1.3 System test and analytical study

1. Since the plastic hinges concentrated in the steel devices, no damages or cracking

were observed in the structural elements.

2. The proposed steel devices are cost-effective and they can be replaced easily after
earthquake effect.

3. In all systems test the rotation of the concrete panel were nearly identical, and the
horizontal displacement of panels at the base were negligible, indicating that the
dominant behavior of panels were rotation. Therefore, the shear behavior of steel
devices in panel-to-panel connections and the axial behavior of steel devices in
panel to support connections have the largest contribution in the energy

dissipation capacity.

4. In the case of single cushion test type, there is out of plane movement so that it
affects the general behavior of system however, there is high-energy dissipation
capacity.

5. It is necessary to select the optimum thickness for steel cushions in panel to panel
and panel to support connections i.e. the yielding must occurred because the

proposed steel device dissipate the imparted input energy by means of yielding.

6. The steel device in panel to beam connections did not yield, thus they do not have
any contribution in energy dissipation capacity and they acted such a simple hinge
connections. It would be better to change the top-level steel cushions with plane
hinge connection.
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6.2 Recommendations

1. In total , the double cushion test types represent the more appropriate performance
than the single cushion test types, as the out of plane movement of panels in
double cushion test types are negligible therefore it is recommended to utilize the

double cushion test type in the further studies.

2. The steel cushions in the panel to beam connections have negligible contribution
in the energy dissipation capacity as they do not yield and act such a simple hinge
connection. It should be better to replace them with two dimensional simple hinge
connections.

3. Since the steel cushions in panel-to-panel and panel to support connections
dissipate the input energy by means of shear an axial behavior respectively, the
rotation of panels is dominant behavior. Thus, we can convert our problem into
the simpler problem, so that the panel to support and panel to beam connections
should be replaced with the two dimensional simple hinge connections and only
the panel-to-panel steel cushions would be utilized in the structural system. This
work has two advantages. First, the out of plane movement of panels can be
limited by using two dimensional hinge connections at the base and top levels.
Second, as only panel-to-panel steel devices would be utilized, therefore the
energy dissipation capacity can be control just by adjusting the thickness and

number of steel cushions in the panel-to-panel connections.
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